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SONOCHEMICALLY GROWN ZnO NANORODS AND THEIR
ANTIBACTERIAL PROPERTIES

SUMMARY

The use of medical devices have significantly increased in the recent decades. However,
the success of such devices is being hindered by the implant-associated infections caused
mainly by bacterial adhesion to the surface of biomedical devices. Bacteria, when
attached to the surface of implant devices, become resistant to any attack by the immune
system and conventional antibiotics. In such situation removal of the device become the
necessary option. To overcome the problem of the implant-related infections, coating
technologies have been developed.

The use of nanomaterials exhibiting antibacterial properties is one of the proposed
strategy to tackle the problem of the implant-related infection. Zinc oxide (ZnO) is an
inorganic compound which is widely known for its intense antibacterial activity. Various
researchers have produced ZnO nanostructures with various techniques and their
antibacterial activities were reported.

In this thesis, ZnO nanorods were synthesized on glass substrates by a simple, fast and a
cost efficient method, and their antibacterial effect was tested against two different
bacteria; Escherichia coli, a gram-negative bacterium and Bacillus subtilis, a gram-
positive bacterium. Before the growth of ZnO nanorods, ZnO seedlayer was first
deposited on the substrate by sonicating the substrate in a solution of zinc acetate
dihydrate in isopropyle alcohol. Growth of ZnO nanorods was done by sonication of
substrate in a solution of zinc nitrate tetrahydrate and hexamethylentetraimine in
deionized water. Five different samples were grown by changing the growth condition.
The results indicated that the longer reaction time at the maximum amplitude exhibits the
best result with the surface been densely coated with nanorods compared to those grown
in the short time. It was also observed that the diameter of the ZnO nanorods decreased
by refreshing the growth solution, and increased in the continuously grown sample. The
size of ZnO nanorods was also found to decrease by increasing the ultrasonic amplitude.
In this study, three different samples were used to study antibacterial activity of the
sonochemically synthesized ZnO nanorods. Both samples demonstrated some certain
level of antibacterial activity against the two different bacteria. It was found that the
viability of the bacterial cell was reduced on ZnO nanorods-coated substrates compared

to those samples grown on glass. It was also observed that the toxicity tends to increase



by increasing the time of incubation which allows the ZnO nanorods to complete dissolve
and also penetrate deeper into the bacterial cell. However, the toxicity of the
sonochemically grown ZnO nanorods does not follow similar trend for two different
bacteria. while the 30 min continuously grown sample showed higher toxicity towards the
gram-negative E.coli, the 15+15 min sample demonstrated a greater toxicity against
the gram-positive B. subtilis. The 60 min sample grown at 100% amplitude showed the
highest toxicity towards both E.coli with 95% toxicity and B. subtilis with 100%. The
overall result showed that the the antibacterial action of the ZnO nanorods was more
effective on gram-positive B.subtilis compared to the gram-negative E.coli.

In this thesis, the sonochemical method was found to be a simple, and fast, technique for
the synthesis of ZnO nanorods. The results also suggest that further investigation on the
mechanism of antibacterial action of ZnO nanorods could serve as a potential candidate

for medical devices coating with bactericidal effect.
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SONOKIMYASAL YONTEMLE
BUYUTULMUS ZnO NANOYAPILAR VE
ANTIBAKTERIYAL OZELLIKLERININ iINCELENMESI

OZET

Tibbi cihazlarin kullanimi son ¢alismalar neticesinde onemli 6l¢iide artmistir. Bununla
birlikte, bu tiir biyomedikal cihazlarin basaris1 yiizeylerine bakterilerin yapismasi sonucu
olusan implant ile iliskili enfeksiyonlar1 ile diisiik sevinede kalmistir. Yizeyine bakteri
baglanan implant cihazlar, bagisiklik sistemi ve geleneksel antibiyotiklerin yapacagi
herhangi bir saldiriya kars1 direngli hale gelirler. Boyle bir durumda cihazin ¢ikarilmast
zorunlu bir segenek haline gelir. implant ile iliskili enfeksiyon sorunlarinin iistesinden
gelmek amaciyla, kaplama stratejileri gelistirilmistir. Antibakteriyel o6zelliklere sahip
nanomalzemelerin kullanimi, implant iligkili enfeksiyon sorunlarint ¢6zmek i¢in 6nerilen
stratejilerden biridir.

Cinko oksit (ZnO), yogun antibakteriyel aktivitesi 6zelligi olan bir inorganik bilesik
olarak bilinir. Farkli arastirmacilar gesitli tekniklerle ZnO nanoyapilari iiretmis ve
bunlarin antibakteriyel aktivitelerin incelemisdir.

Bu ¢alismada, ZnO nanogubuklar basarili bir sekilde, basit, hizli ve diisiik maliyetli bir
yontem olan sonokimyasal metot kullanilarak, cam alt-tabakalar Uzerinde sentezlendi ve
bunlarin antibakteriyel etkisi iki farkli bakteriye karsi test edildi Escherichia coli, bir
gram-negatif bakteri ve Bacillus subtilis, bir gram-pozitif bakteridir. Deney degiskenleri
ayarlanarak, bes farkli 6rnek tiretilmistir. Daha uzun tutulan reaksiyonlar sonucu Uretilen
nanogubuklar, kisa silirede iiretilenlere kiyasla ~ daha yogun bir sekilde yiizeyi
kaplamiglardir. Ayni zamanda, biiyiitme ¢6zeltisini yenilemenin, siirekli ayni ¢ozeltide
blyiltmeye oranla daha ince ZnO nanogubuklar Uretmeye sebep oldugu goriilmistiir.
Sonokimyasal metotla sentezlenen ZnO nanogubuklarin antibakteriyel aktivitesini
incelemek icin ug farkli 6rnek kullanilmistir. Her ug 0rnek test edilen uc degisik bakteriye
kars1 antibakteriyel aktiviteyi belirli diizeyde gostermistir. Kontrol olarak kullanilan cam
alt-tabaka ile karsilastirildiginda bakteriyel hiicrenin ZnO nanogubuklarla kaplanmis alt-
tabakalar iizerinde yasayabilirliginin daha diisik oldugu bulunmustur. Ayrica,
inkiibasyon siiresi artirilarak ZnO nanogubuklarin bakteri hiicresine daha fazla temas
halinde olmasi sebebiyle toksisitenin artmaya egilimli oldugu saptanmistir. Ancak,

sonokimyasal metotla biyutilen ZnO nanogubuklarin toksisitesi kullanilan iki farkl
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bakteriye kars1 benzer bir seyir takip etmez. Ornek1 (30 dk, %50 genlik), gram-negatif
E.coli’ye kars1 daha yiiksek bir toksisite géstermistir, ornek2 (15+15 dk, %50 genlik) ise
gram-pozitif B. subtilis’ye kars1 daha yiiksek bir toksisite gostermistir.

Bu tezde, sonokimyasal yontemin cesitli uygulamalarda kullanilmak Uzere ZnO
nanogubuklar sentezi i¢in basit, hizli, 6lgeklenebilir ve ¢evreye zararsiz bir teknik oldugu
tespit edildi. Cikan sonuglar neticesinde, bakteri oldiiriicii etkiye sahip tibbi cihazlari
kaplamak i¢in potansiyel bir aday olan ZnO nanocubuklarin sonokimyasal yontenle

blyutulebilecegi gbrulmustur.
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1.INTRODUCTION

Materials at the nanometer scale with size ranging from 1-100nm posses an extraordinary
physical, chemical and biological properties which is far different from those in the bulk
form. This makes nanotechnology an interesting field of research in the recent
development with potential to revolutionize the field of electronics, material science and
medicine. The size of the nanomaterials is similar to the size ranges of biomolecules and
are therefore able to interact with complex biological system. This open a new window to
study, detect and manipulate the biological system for a novel biomedical application
including prevention, diagnosis and treatment of many diseases™!). Such novel application
include but not limited to the use of nanoparticles in optical and magnetic resonance
imaging, the demonstration of potential application of metal nanoshells and carbon
nanotubes for the treatment of tumor and cancer cells, and the application of nanowire-
based transistors to electrically detect specific biomolecules.

Zinc oxide (ZnO) is a non-toxic, biocompatible inorganic compound that exhibit
multiple properties both of semiconductor, piezoelectric and pyroelectric!?. It has wide
band gap (3.37eV), large exciton binding energy (60 meV)™!, good transparency and high
luminescence at room temperature. Due to their unique physical, chemical and biological
properties, nanostructures of ZnO have received tremendous effort from the field of
engineering, material science, and medicine for their potential application in electronic,
optoelectronic, and biomedical devices such as photo detectorsand drug delivery
vehicles for efficient photodynamic therapy for cancer cells®™ The high-sensing
capability, high electron mobility, and enhanced analytical performance of ZnO
nanostructures are widely explored for sensor application such as in biosensors for
intracellular measurementst®, gas sensorst”, pH and temperature sensorst®!.

ZnO is known to exhibit antimicrobial properties towards both gram-negative and gram-
positive bacteria, and even the high temperature and pressure resistant spores. Due to it's
antimicrobial properties, ZnO nanoparticles are being added to cotton fabrics, food
packaging as well as medical device to prevent antimicrobial infection. Recent study also
reports the use of ZnO nanorods on paper matrix to prevent deterioration of library
materials and could also be used to produce facemasks, tissues, wallpapers and writing
paper with antimicrobial property!?”.

Various technigues including both top-down approaches by etching and bottom-up such

as Chemical Vapour Deposition, Vapour Liquid Solid, Metal-Organic Chemical Vapour



Deposition, Pulse Laser Deposition and hydrothermal®* techniques are used to
synthesized well- aligned, single crystalline O-D and 1-D nanostructures of ZnO with
different morphologies and diameters for different applications. However, the vapor-
phase techniques are very expensive and complicated. Because they requiresophisticated
experimental set up, high growth temperature up to 1400 °C, low pressure, and suitable
substrate selection in MBE and MOCVD™? 2,

Solution-based methods are widely used as alternative to the conventional Vapour Phase
Techniques to synthesize ZnO nanostructures for various applications. The solution-
based methods seem to be relatively simple and require much lower temperature(<
200°C) than the vapor-phase methods. One major drawback of the solution base method
is that long reaction time is required usually from several hours to even days.
Sonochemical growth method is one of the most simplest and fastest technique which
have received a lot of interest from different researchers for the synthesis of ZnO
nanostructures at an ambient condition. Using the chemical effect of ultrasound, various
morphologies of ZnO nanorods are obtained for various application. However, the
chemical effect of ultrasound does not come directly from the interaction of sound waves
and the molecular species, rather from cavitation phenomenon. This method is very cost
effective, mass-manufacturable and environmentally friendly. Because it does not
produce any toxic by-product and does not require any additional heating. This method
has been shown to be suitable for any substrate that is stable in alcohol and aqueous
solution as well as substrates that do not resist high temperature treatment.

In this thesis, a sonochemical approach was adopted for the synthesis of ZnO nanorods.
Scanning electron microscopy (SEM), Energy dispersive X-ray spectroscopy (EDS) and
Raman spectroscopy (RS) were used to characterize ZnO nanorods. The antibacterial
properties of the ZnO nanorods was tested against two different bacterial strains
Escherichia coli MG 1655 a gram-negative bacteria and Bacillus subtilis 102 a gram-

positive bacteria.



1.1 MOTIVATION

Bacterial infection is one of the major problem associated with biomedical devices.
Despite all the necessary precautions taken by medical personnel, bacterial cells are still
found on the surface of biomedical devices. This is one of the major causes of implant
failure. Nosocomial infection which is the fourth leading cause of dead is associated
with bacterial infection of medical devices. Bacteria, when attached to the surface of
medical devices form a community of what is known as biofilm. The biofilm formation
is the strategy by which bacteria resist any attack from the host immune system and
conventional antibiotics, and in most cases removal of the device is the only alternative.
This causes a significant increases in the cost of health care by additional care and
extended antibiotic treatment.

Coating strategy has been the recent approach to eliminating bacteria on medical
devices by altering the surface property of the devices such as coating with polyethylene
glycol, hydrophilic polyurethanes, polyethylene oxide brushes™™ positive and
negatively charged surfaces!*®!. However, these coatings were found to be effective
only against selected types of bacteria and cannot withstand biofilm formation.

Among the varioius strategies proposed for eradication of bacterial infection associated
with biomedical devices include modification of the devices' surface by coating with
nanostructured materials which exhibit an extraordinary properties than their bulk
counterpart. ZnO is among the various metal oxide semiconductor materials
nanostructures have received an enormous attention from different research field for
various application from electronics to biomedical. Various techniques are being used to
produced ZnO nanostructures of various shape and size notably the vapor-phase
technique, but this technique is very expensive and require complex experimental set up
with high temperature an vacuum environment. One recent approach to the synthesis of
ZnO nanostructures is the solution-based methods. However, most of the solution-based
techniques require long reaction time for the desired result to be obtained.
Sonochemistry is a very cost effective and fast method to produce nanostructures of
ZnO. Different researchers have produced different morphologies of ZnO
nanostructures using this inexpensive technique. This technique is based upon the
chemical effect of ultrasound on chemical reactions. This process is carried out at an
ambient atmosphere without the need for a complex experimental set up and additional

heating. This method is of significant importance because of it's vital application in



various fields. Therefore, sonochemistry would serve as an alternative method to

produce nanostructures of ZnO at a very low cost rate and within a short period of time.



2. ZINC OXIDE

ZnO is a group 1I-VI semiconductor, with zinc being a d-block, period 4 metal and
oxygenp-block, perod 2 non-metal. ZnO is an amphoteric oxide that is nearly insoluble
in water but soluble in acids and alkalis. ZnO occurs in abundance on the earth crust.
However, most ZnO used today is produced synthetically. ZnO crystallizes in three
different structures, hexagonal (wurtzite) fig.1(a), cubic (zincblende) fig.1(b) and the
rarely observed cubic (rocksalt).

The wurtzite structure is the most common and the most stable at ambient condition. The
zincblende form can be stabilized by growing ZnO on substrates with cubic lattice
structure. In both cases, the zinc and oxide centers are tetrahedral. Both hexagonal and
cubic crystal structures of ZnO have no inversion symmetry. This and other lattice
symmetry properties result in piezoelectricity of the hexagonal and cubic ZnO, and
pyroelectricity of hexagonal ZnO. The wurtzite structure has a hexagonal unit cell with
two lattice parameters, a = 3.25A and ¢ = 5.2 A, belonging to the space group of C “,.
The Znand O are tetrahedrally coordinated and stacked layer-by-layer in alternate planes
along the c-axis direction*”. The ZnO structure has polar surface (0001), which is either
Zn or O terminated and non-polar surfaces (1120) and (1010) possessing an equal number
of both atoms. As in most group 11-VI materials, the bonding in ZnO is largely ionic (Zn
— O) with the corresponding radii of 0.074 nm for Zn and 0.140 nm for O. This property
accounts for the preferential formation of wurtzite rather than zinc blende structure, as
well as the strong piezoelectricity of ZnO.

ZnO is widely used as an additive material in many industries such as, cement, plastics,
ceramics, rubbers, lubricants, glass™, paint, sealant, pigments, adhesive, and fire
retardants. Zinc oxide is also used in ointments, creams, and lotions to protect against
sunburn and other damages to the skin caused by ultraviolet light(UV). It is the highest
Ultraviolet A (long wave) and Ultraviolet B (short wave) reflector approved for use as a
sunscreen by the Food and Drug Administration in the United States™.

ZnO nanostructures are known to be chemically stable, inexpensive, and easily prepared.
Nanostructures of ZnO are relatively stable at biological pH and have high binding
stability with proteins due to their high isoelectric points (IEP 9.5). These features make
ZnO nanostructured surface a good matrix for immobilization of biomolecules®®” for
various application such as biochip, biosensor and drug delivery system. ZnO
nanoparticles exhibit antifungal, anticorrosive, UV filtering properties and a good
antibacterial effect against both gram-negative and gram-positive bacteria.
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Among all synthesized nanomaterials, ZnO is known to have the highest morphology of
nanostructures such as nanobelts, nanocombs, nanotubes, nanohelixes, nanorings,
nanocages, nanoflakes®. Among these various structures, ZnO nanorods are the most
commonly studied because of their high aspect ratio and large surface area to volume

ratio which ensure high efficiency and sensitivity.

(b)

Zn?

0%

Figure 1. (a) Wurtzite and (b) Zincblende Crystal structures of ZnO!Y,

2.1 BICOMPATIBILTY OF ZnO NANOSTRUCTURES

ZnO nanostructures have been proposed for various biomedical applications such as
sensors, drug delivery and antimicrobial agents. Thus, it is very vital to study the
biosafety and biocompatibility of ZnO nanostructures for in vivo applications. Numerous
researches have been conducted to evaluate the biocompatibility of ZnO nanostructures
with the biological system. Zhong et al. reported cellular level biocompatibility of ZnO
nanowires, they observed continuous growth and reproduction of human Hela cells even
at much higher concentration up to 100g/ml for couple of hours. They also reported the
non- toxicity of ZnO nanowires towards L929 cell line at a concentration of 10ug/ml.
However the L929 cell line showed a slight decrease in viability when concentration was
higher!??. The compatibility of ZnO nanostructures with human SH-SY5Y cells was also
reported. The cells were found to be healhty and mantained their normal morphological
features after been treated with ZnO nanostructures®®!. Ramesh et al. studied the
interaction of ZnO nanorods with the Hela cells. They observed that the ZnO nanorods
did not induce any oxidative stress on Hela cells, more than 98% of the cells were
reported to be viable at a concentration of 10pg/mit*.

The biocompatibility of ZnO nanstructures is dependent upon size and concentration, as
well as the morphology of the nanostructures. It was reported that, ZnO prism-like and

flower-like nanostructures do not induce cytotoxic effect towards RSC96 Schwann cells,



but decrease in cell viability was observed when treated with nanoparticles and
microspheres under the same experimental condition ?*). Recent study by G. Ciofani et
al. reports the proliferation and differentiation of two mammalian cell lines; neuronal-like
PC12 and myoblastic H9c2 in the presence of ZnO nanowires, Both cells demonstrated
high viability and proliferation. Moreover, the presence of ZnO nanowires do not prevent

the differentiation of the selected cell linest?®

. In an experiment to measure the
intracellular glucose concentration, ZnO nanosensor was dipped into the human
adipocyte and frog oocyte and the penetration of the ZnO sensor was found not to affect
the viability of the cell®®. Recent study conducted in vitro by Akhtar et al. suggest ZnO
nanoparticles as potential candidate in cancer treatment by selectively killing the cancer
cells and causing no harm on normal rat astrocytes and hepatocytes®”. ZnO nanoparticles
were also reported not to show any cytotoxic effect on human T-cells™®! and dermal

fibroblastst®”,

Table 1: Mammalian cells compatible with ZnO nanostructures

Cell line ZnO concentration ZnO Structure Reference
Hela cells 100pg/mi Nanowires [22]
L9C2 10 pg/ml Nanowires

SH-SY5Y On solid medium Spherical- rod [23]
Hela cells 10pg/ml Nanorods [24]
RSC96 80pg/mi Prism/flower-like  [25]
Schwann cells

H9c2 On substrate Nanorods [26]
PC12

Astrocytes and 15pg/ml Nanoparticles [27]
hepatocytes

T-Cells 5mM Nanoparticles [28]
Dermal 410umol/L Nanoparticles [29]
fibroblast

2.2. ANTIMICROBIAL PROPERTIES OF ZnO NANOSTRUCTURES

Antibacterial agents are broadly classified into two categories; organic and inorganic. The
inorganic antibacterial agents are more stable due to their ability to withstand harsh
processing conditions high temperatures and pressures, whereas organic antibacterial

agents that contain antibiotics and humanized antibody are not stable at high temperatures



and pressures. Metal oxides including ZnO, TiO,, CuO and MgO have been considered
as promising inorganic antibacterial agentsbecause they are not only stable under harsh
processing conditions but also compatible with the human system°!.

Among the various metal oxide nanoparticles, ZnO nanoparticles were reported to have
the highest toxicity towards bacterial cells with minimum value of lethal dose (LDso)™".
Toolabi et al.reported that ZnO nanoparticles have the highest toxicity towards four
different bacterial strains compared to TiO, and CuO, they observed 100 % toxicity
towards the tested strains at a concentration of 34.03mmol/L of ZnO nanoparticles 2.
Laura et al. assessed the antibacterial properties of ZnO, TiO, and SiO,. They observed
that ZnO exhibited the highest toxicity against the organisms tested with 90% growth
reduction®. Antimicrobial power of ZnO nanoparticles is effective against both gram-
positive and gram-negative bacteria, fungi, and even the high-temperature and pressure
resistance spores.

ZnO nanorods were observed to exhibit antimicrobial effect against Staphylococcus
aureus, Escherichia coli, and a common airborne fungus Aspergillus niger. No viable
bacterial cell or fungal spore was found in areas treated with ZnO nanorods®*. Another
study by Chitra and Annudarai reports the antimicrobial activity of ZnO nanoparticles
against Pseudomonas aeruginosa, Escherichia coli and Aspergillus niger. They observed
damaged cell membrane in a concentration dependent mannert®.

Although the exact mechanism of antibacterial action of ZnO still remain obscured,
several reports attributed the antibacterial effects of ZnO nanoparticles to generation of
reactive oxygen species which are known to be toxic to the living cells. It has been
reported that ZnO in contact with water catalyses the conversion of dissolved oxygen
molecules to super oxide radical anions (*O2), react with H' to generate (HO?) radicals,
and converted to hydrogen peroxide anions (HO?"), which then react with hydrogen ions
to produce hydorgen peroxide molecules (H,0,)®* 3 3"l The generated H,O, can bind
with the membrane protein on the outer layer of the bacterial cell, penetrate into the cell
and eventually kill the cell. The release of hydrogen peroxide make the nanoparticles to
remain in contact with the bacterial cell which does not allow further bacterial action by
continuous release of hydrogen peroxide®®. Zn?* which is also released by the breaking
down of ZnO in solution is assume to be another mechanism for the antibacterial effect
of ZnO nanostructures. Zn®* penetrates into the cell membrane and interferes with the

metal ion homeostasis of the cell®*],



Another proposed mechanism by which ZnO nanostructures demonstrate bactericidal
activity is the direct penetration of bacterial cell wall as observed by Jansson et al., where
ZnO nanorods penetrate and damage the cytoplasmic membrane and causes the leakage
of its content and subsequently leads to the death of the cell®"]. The antibacterial effect
of ZnO nanostructures has been reported to be both size and concentration dependent.
Smaller particles are reported to generate more reactive oxygen species because of their
large surface area as such they have higher toxicity®®.. The antibacterial effect of ZnO
nanostructures is also observed not to be only bactericidal but also bacteriostatic by
preventing the growth of bacteria in the surrounding area treated with ZnO nanorods®*.
Bacteria to which ZnO nanostructures exhibit antibacterial effect include Escherichia
coli, Stapylococcus aureus, Staphylococcus epidermidis,Bacillus subtilis, Pseudomonas

aeruginosa, Streptococcus sobrinus, and Campylobacter jejuni B+ 364,

Table 2. Recent studies on the synthesis and antibacterial properties ZnO

nanostructures.
Growth Growth ZnO Bacteria Tested References
technique temperature/time nanostructure
Solution-based 55°C Nanoparticles S. aureus, E. coli, [38]
method
Hydrothermal 90°C/20 h Nanorods S. aureus, E. coli, [34]
A. niger
Hydrothermal 90°C/6 h Nanorods P. aeruginosa, [37]
S. epidermidis
Hydrothermal 120°C/8h Nanorods S. aureus, E. coli [36]
Wet Chemical 80°C/24 h Nanoparicles P. aeruginosa, [35]
method E. coli
Wet Chemical 80°C/24 h Nanoparticles S. aureus, [41]
method E. coli
Wet-Chemical 80°C/24 h Nanoparticles E. coli, B. subtilis, [42]
method P. aeruginosa,
S. pneumonia.
Solution-route  60°C/3 h Nanorods S.typhimurium, [43]
K.pneumoniae,
P. vulgaris
S. aureus
Sonochemical ~ Room ambient Nanorods B. subtilis, This thesis
30-60 min. E. coli




3. SYNTHESIS TECHNIQUES

ZnO nanostructures can be synthesize by various techniques on different substrate. These
methods include the vapor-phase methods such as physical vapor deposition, Chemical
Vapor Deposition(CVD), Molecular Beam Epitaxy(MBE), etc and solution-based
methods including sol-gel, hydrothermal and sonochemistry. The solution-based method
is the most widely used method to synthesized ZnO nanorods for low cost, flexible
electronics as well as biological applications because it does require much higher
temperature as the vapor- phase technique and it allows the control of size, morphology,
and crystallinity. The ability to control the uniformity, dimension, and morphology of the
nanorods by tuning the growth parameters is very important for many applications. This
will allow for the desired structure to be obtained depending on the final application. The

different techniques are given below.

3.1 VAPOR-PHASE TECHNIQUE

Vapor-phase technique is the most extensively used technique to produce 1D
nanostructures. This method relies upon the evaporation of the source material, chemical
reduction of the material, and gaseous reaction. The vapor species are subsequently
transported and condensed onto the surface of a solid substrate placed in a zone with a
temperature lower than that of the source material.

ZnO nanostructures of different morphology have been synthesized through this approach
by simple evaporation of Zinc powder under oxygen flow and their subsequent reaction
to form ZnO nanostructures or by direct decomposition of commercial ZnO powder.

This process is carried out at high-temperature zone around 1400 °C . The variation of
the nanostructures lies upon Zn and oxygen flow ratio. VPT can be done achieved by two
growth mechanisms; the catalyst assisted vapor-liquid-solid and the catalyst-free vapor-
solid mechanisms. In the vapor-solid process nanostructures are formed by direct
condensation of the vapor on the substrate whereas in the vapor- liquid-solid process
growth of nanstructures is controlled by a droplet of metal catalyst such as Au, Ni and Cu
etc. The liquid droplet serves a preferential site for the adsorption of the reactant Zinc
vapor, and as the nucleation site for crystallization. When liquid becomes supersaturated
of the reactant material, nanowires begin to grow by precipitation on the substrate.
Growth of nanowires stop when the metal catalyst is completely evaporated or by

terminating the flow of the reactant vapourt*!.
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3.1.1 PHYSICAL VAPOR DEPOSITION (PVD)

This is typically a physical process that is widely used to produce nanostructured
materials of various shape and size. Contrary to the chemical vapor deposition, this
method does not involve any chemical reaction on the surface of the substrate. This
technique is accompanied by three distinct steps: high-temperature evaporation of the
material from a solid source or plasma sputter bombardment, transport of the vapor by
diffusion to the substrate, and attachment onto the substrate. This process is usually
carried out under a vacuum atmosphere. Depending on the energy source, the physical
vapor technigue can be categorised into 4 different methods:

1. Electron beam physical vapor deposition: In which the material to be deposited is
heated to a high vapor pressure by electron bombardment in "high” vacuum and is
transported by diffusion to be deposited by condensation on the substrate.

2. Evaporative deposition: In which the material to be deposited is heated to a high
vapor pressure by electrically resistive heating in "low™ vacuum.

3. Pulsed laser deposition: In which a high-power laser ablates material from the
target into a vapor.

4. Sputter deposition: In which a glow plasma discharge(usually localized around the
"target” by a magnet) bombards the material sputtering some away as a vapor
forsubsequentdeposition

3.1.1.1 Pulsed Laser Depostion (PLD)

PLD uses a high-power pulsed laser beam focused inside a vacuum chamber to strike the
target material. The atoms and ions from the target material vaporize in a plasma plume
and deposit on the substrate. This process is usually carried out in an ultra-high
vacuum(107 torr) or in the presence of a carrier gas such as oxygen. In a typical PLD
system, the substrate is attached with the substrate holder parallel to the target surface at
a target-to-substrate distance of usually 2 — 10 cm. A pulsed-laser is focused onto the
target of the material and locally heats and penetrate into the material within a penetration
depth, the strong electric field generated by the laser light is sufficiently strong to remove
electrons from the bulk material. The free electrons oscillate within the electromagnetic
field of the laser light and can collide with the atoms of the bulk material thus transferring

some of their energy to the lattice of the target material within the surface region. The
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surface of the target is then heated up and the material is vaporized producing an ejected
plasma or plume of atoms, ions, and molecules. The plume expands away from the target
with a strong forward-directed velocity, distribution of different particles and deposits on
the substrate placed opposite to the target*.

The various parameters such as laser wavelength, pulse duration and repetition rate,
target-to-substrate distance, substrate temperature, background gas and pressure have a
great influence on the growth of the nanostructures. By varying the substrate temperature
and gas pressure, different size of ZnO nanorods were obtained on sapphire and silicon
substrates by ablation of pure ZnO target in an oxygen background. It was found that the
diameter of the nanorods decrease significantly with decreasing pressure down to 5 Torr.
When the pressure was increased to 20 torr, the diameter of the nanorods increase and
started to contact each other. On the other hand, temperature was also observed to play a
significant role in the final structure of ZnO nanorods grown under PLD, the diameter of
the nanorods was found to increase with increasing temperature from 500-700 °Ct!,
DongQi Y. et al. synthesized high density ZnO nanorods on ZnO-buffer-layer coated InP
substrate by ablation of ZnO ceramic target in an oxygen background at 5 cm substrate-
target distance, and a temperature of 450 °C for 90 min. The nanorods were of good
crystalline quality and structural uniformity similar to the wurtzite type of ZnO single
crystall”). The nature of the substrate in this method was found to affect the structural
quality of the ZnO nanorods as indicated by PL spectra, the ZnO nanorods have

preferential growth orientation perpendicular to the substrate surface!® 71,

Deposition
Target Rotator Chamber

. . Target
: 3 Laser Beam
|
K / FIme Window
. p |/

- Focusing Lens
Substrale

Substrate Heater

Figure 2. Schematic representation of pulsed laser deposition system. The inset pictures
show an actual photographs of the plume (left) and PLD vacuum chamber (right)!“®).
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3.1.1.2 Molecular Beam Epitaxy (MBE)

MBE is an ultra-high vacuum(10™® bar) technique used in the synthesis of compound
semiconductor materials. MBE is a highly controllable technique with low deposition
rate(< 0.01 nm) and high purity (>99.99999 %). The low deposition rate allows for for
the materials to be deposited layer by layer to form a semiconductor device. MBE is
mostly used for the of I11-V semiconductors such as GaAs. In a typical MBE system, the
solid-source material in its pure form is heated in separate quasi-Knudsen effusion cells
until it begin to slowly sublimate. The gaseous elements do not interact with each other or
with the vacuum chamber gases due to the mean free path which is several orders of
magnitude greater than the normal source-sample distance of about 20cm, until they
reach the substrate and subsequently condense.

Recently, MBE has been used to deposit oxide materials for advanced electronic, optical,
and magnetic applications. Fujita et al., reported the epitaxial growth of crystalline ZnO
films on Si substrate using ozone as the source of oxygen*®l. Heo Y.W et al., prepared
ZnO nanorods by catalyst-driven MBE on Ag-coated Si wafers by evaporation of high
purity Zn metal from the knudsen effusion cell using ozone/oxygen, mixture as the
oxidizing source. Substrate temperature was varied from 300 °C-500 °C. It was reported
that the growth of single crystal ZnO nanorods is site-specific as ZnO deposition was
observed only on the Ag-coated regions with no growth on regions of the SiO,-
terminated Si surface that was devoid of Ag!'?. Because MBE takes place in ultra-high
vacuum(UHV) and has relatively low pressure of residual gas at the surface, analysis
techniques such as reflection high energy electron diffraction (RHEED) and ellipsometry
can be used during growth, both to study and control the growth process. The UHV
environment also allows pre or post growth analysis techniques such as Auger

spectroscopy 9.
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Figure 3. Schematic representation of the MBE growth chamber!*!.

3.1.2 CHEMICAL VAPOR DEPOSITION (CVD)

CVD is a chemical process that is used to produce high purity single crystalline
nanomaterials. CVD is often used in the semiconductor industry to produce thin film
materials. In typical CVD, the wafer (substrate) is exposed to one or more volatile
precursors, which react and/or decompose on the substrate surface to produce the desired
nanostructures. Frequently, volatile by-products are also produced, which are removed by
gas flow through the reaction chamber. Depending on the manner by which chemical
reactions are initiated, CVD is practiced in a variety of formats such as atmospheric
pressure CVD, low-pressure CVD, plasma-enhanced CVD and ultra-high vacuum(UHV)
CVD.

In this process, Zn source is evaporated in an oxygen atmosphere at a temperature around
1400 °C where they react and/or decompose on the substrate. The growth of ZnO
nanostructures depends upon the vapor pressures of Zn and O, and the reaction

temperature®”

. Emelchenco et al. synthesized nanowires of ZnO on Si substrate by
evaporation of metallic Zn in an oxygen-argon mixture at a temperature of 670 °C. ZnO
nanowires of different shapes and size were obtained which were observed to be
dependent on the position of the substrate in the growth zone®Y. Growth of well-aligned

ZnO nanorods was reported by Park et al. from decomposition of ZnO and graphite in an
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Ar atmosphere at a temperature of 500 °C. The presence of graphite was observed to
significantly decrease the decomposition temperature®. High purity c-axis oriented ZnO
nanorods array on Si(110) substrate were synthesized by Bekermann et al. by plasma-
enhanced CVD process using two volatile bis(ketoiminato) zinc(ll) compounds, and
Electronic grade argon and oxygen as plasma sources. The effect of deposition tempera-
ture was studied by increasing the temperature from 200-300 °C which resulted in
increasing lateral growth of the nanorods™?.

In similar report by Liu et al. uniformly oriented ZnO nanorods have been grown on
different substrates by plasma-enhanced CVD under helium gas using Diethylzinc
(DEZn) and oxygen as precursors. They reported that the percentage of oxygen plays a
significant role in the formation of ZnO nanorods under their experimental condition,
where no growth was observed when the percentage of oxygen was as low as 5% or
10%". Adopting the metal-organic CVD technique, ZnO nanorods with average
diameter of 50-120 nm were snthesized on bare silicon substrate at a temperature of 500
°C, and the effect of temperature on the as grown ZnO nanorods was investigated™. Liu
S-C and Wu J-J synthesized highly-oriented ZnO nanorods on fused silica substrate using

zinc acetylacetonate at temperature of 500 °C[®.
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Figure 4. Schematic reperesentation of horizontal flow channel reactor:(1) flowing quartz

reactor, (2) Zn source, (3) internal quartz retort, (4)substrates, (5) electric heaters P4,

3.2 SOLUTION -BASED TECHNIQUES

Solution-based techniques are widely adopted in the synthesis of nanostructures of
different morphologies. These techniques present a feasible, low-cost, and
environmentally friendly route to the synthesis nanostructured materials. The solution-

based techniques usually make use of the soluble salt of the material under study, a
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reducing agent and/or a stabilizing agent. Among the various solution -based methods
including chemical precipitation, sol-gel, hydrothermal, and sonochemical methods,
hydrothermal method is the most widely used method because of its simplicity, high
yield and a scalable process!*®*®l. However, it requires long reaction time at relatively low
temperature.

Sonochemical method a simple and fast approach which allows for the control of size
and morphology under ambient condition happens to be an emerging field of

investigation for the syntheis of 1D ZnO nanostructures®*®" 76771

3.2.1 Hydrothermal Method

Hydrothermal technique is used in the synthesis of single crystal materials that depends
on the solubility of minerals in hot solution under high pressure. The crystal growth is
performed in an apparatus consisting of a steel pressure vessel called an autoclave, in
which a nutrient is supplied along with water. A temperature gradient is maintained
between the opposite ends of the growth chamber. At the hotter end the nutrient solute
dissolves, while at the cooler end it is deposited on a seed crystal, growing the desired
crystal uses the solubility of inorganic substances in water at high temperatures and
pressures, and subsequent crystallization of the dissolved material from the fluid.
Hydrothermal method is widely used in the synthesis of nanostructures of ZnO because it
is relatively simple compared to the vapor-phase techniques, being a controllable process
with high yield. This process relies on the reaction between a solution containing zinc
source usually zinc acetate, zinc nitrate, zinc chloride etc and a solution containing
reducing agent such as sodium hydroxide and ammonium nitrates.

Typically, hydrothermal synthesis of ZnO nanostructures is carried out in a thermal
reactor, mostly Teflon-lined stainless steel sealed chamber. By tuning the experimental
variables, this method allows control of size, morphology, and crystallinity of the ZnO
nanostructures. Various groups reported the synthesis of ZnO nanorods using this
hydrothermally assisted method. Devarami et al. synthesized ZnO nanorods by
decomposition of zinc acetate and sodium hydroxide, in an aqueous solution at a
temperature of 120 °C for 24 h®'). In another experiment by Polksongram et al. ZnO
nanorods were synthesized by decomposition of Zinc nitrate hexahydrate and
hexamethylene tetramine (HMT) at various temperature range, and the effect of synthesis

condition was studied™. Recent study reports the growth of ZnO nanorods by surfactant
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assisted hydrothermal decomposition of zincacetatedihydrate and hexamethyleneteramine
at a temperature of 120 °C for 8 h. The surfactant molecule, CTAB serves as the growth
director. Yong et al. also reports the synthesis of well aligned ZnO nanowires on a
previously ZnO seeded Si substrate by a reaction between Zinc nitrate hexahydrate and
HMT, for 1-12 h at 90 °C. The effect of ammonia and polyethyleneimine (PEI) on the
morphology of the ZnO nanowires was studied, they observed that introducing both
ammonia and PEI at a moderate concentration into the growth solution, results in the

increase of the aspect ratio of the ZnO nanowires™®®.

3.2.2. SONOCHEMISTRY

Sonochemistry is the study that focuses on the application of ultrasound to chemical
reactions. Ultrasound is the sound pitched above the limit of human hearing. Ultrasound
sound ranges from 20 kHz to tens of MHz. Fig. 5 shows the frequency ranges of sound
wave. The chemical effect of ultarsound was first observed in 1927 by Alfred L. Loomis,
in an experiment about the amount of hertz it took for a sonic wave to penetrate a water
barrier. After lots of experiments, it was concluded that the best way to disperse sound
through a water medium was to make loud noises. However this field remained
untouched until the 1980s with thw advent of inexpensive and reliable high- intensity
ultrasound generators.

The chemical effects of ultrasound do not come directly from the interaction of sound
waves and the molecular species, rather sonochemistry arises from a phenomenon known
as acoustic cavitation; formation, growth and implosive collapse of bubbles in a liquid
environment®®. Figure 6 shows the steps involve in cavitaion phenomenon from which
sonochemistry can be achieved. The chemical effects of ultrasound fall into three areas:
homogeneous sonochemistry of liquids, heterogeneous sonochemistry of liquid-liquid or
liquid-solid systems, and sonocatalysis (which overlaps the first two). Because cavitation
can take place only in liquids, chemical reactions do not generally occur during the ultra-
sonic irradiation of solids or solid-gas systems. Upon irradiation of liquid with high
intensity of sound, the alternate expansion and compression of the acoustic wave create
bubbles, these bubbles oscillate and accumulate ultrasonic energy and grow until they
reach an unstable size where they eventually collapse and release the concentrated energy
stored. The implosive collapse of bubbles generate a localized, short-lived hot spot with

very high temperature of ~ 5000 k and pressure of ~ 1000 atm, with high heating and
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cooling rate above 10% k/s.This phenomenon causes high energy chemical reactions
which are not accessible or difficult to achieve to take place within a short time, often
with emission of light, a phenomenon called sonoluminescence®. Sonochemistry has
been found to be used in the synthesis of various nanostructures material such as high
surface area transition metals, carbides, alloys, colloids, and oxides as well as
biomaterials; notably the protein microspheres®®. Ultrasonic irradiation of aqueous lig-
uids generates free radicals, and the formation of free radicals by sonolysis of water has
been particularly well-studied for many years. Primary sonolysis products in water are H'
and OH' radicals. These radicals can recombine to return to their original form or com-
bine to produce H, and H,O,. They can also produce HO,. by combination with O,.
These strong oxidants and reductants are utilized for various sonochemical reactions in
aqueous solutions®.

Organic liquids are also known to generate free radicals when irradiated with high inten-
sity of sound. The sonolysis of simple hydrocarbons creates the same kinds of products
associated with very high temperature pyrolysis. Most of these products - H,, CH4 (meth-
ane), and the smaller 1-alkenes, derive from a well-understood radical chain mechanism.
Relatively large amounts of acetylene (C,H,) are also produced, which is explained by
the stability of this gas at very high temperatures. Suslick and coworkers synthesized
nanostructures of inorganic materials by sonochemical decomposition of metal carbonyl
compound. They reported that volatile organometallic compounds can fully dissociate
their carbonyl ligands inside a bubble during acoustic cavitation, and the resulting metal

atoms agglomerate to form a variety of nanostructured materialst.

A
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Figure 5. Frequency range of sound.

18



Compression

Acoustic
Pressure

Expansion
= IMPLOSION
4
" GROW™ SHOCKWAVE
=
8
€ 5o
e
2
2 HOT RAPID
=
@ FORMATION SPOT  QUENCHING

Time ( Mk sec)

Figure 6. Transient acoustic cavitation; the origin of sonochemistry™®*.

By changing the growth parameters, various sizes and shapes of nanostructured materials
were obtained through this simple sonochemical process. For instance, H-Roshan et al.
synthesized different morphologies of TiO, nanoparticles by altering the sonication
power. They observed a decrease in the size of the nanoparticles by incereasing the
sonication power®?,

Different morphologies of ZnO nanostructures have been recently synthesized by this
simple, fast and inexpensive technique at an ambient condition without the use of any
growth catalyst or additional heating. Sirisathitkul et al. obtained a mixture of zinc com-
pounds consisting of Zns(OH)g(NO3),(H,0), a mixed phase ZnO/Zns(OH)(CO3), and a
single phase Zns(OH)s(CO3), from different concentration of the precursor solutions.
They reported that the concentration of the precursors has a great influence on the phase
and purity of the Zn product obtained®®. Askarinejad et al. synthesized nanocrystalline
ZnO particles with average diameter between 20 nm to 100nm by sonication of zinc ace-
tate and sodium hydroxide at different growth condition. They also reported that increas-
ing the reaction time and calcination of the particles at 400 °C for 4 hours increases the
size of the particle from 25.4 nm to 57.5nm. However, this does not affect the morphol-

ogy of the obtained nanoparticlest®*!.
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Several other works have been done in order to produce ZnO nanostructures on various
substrates by first depositing seed-layer followed by the growth of the nanostructures by
decomposition of Zinc nitrate and Hexamethylenetetramine (HMT) under ultrasonic
power.

By adjusting the concentration of the precursor solution, amplitude of ultrasonic wave
and the reaction time, various morphologies and diameters of ZnO nanostructures have
been obtained such as nanorods, nanowires, nanoflakes and nanowalls®®. Jung et al.
synthesized ZnO nanorods of various sizes on Si wafer by first sputtering a thin film of
Zn followed by the immersion of the Zn-coated wafer in an equimolar solution of hexa-
methylenetetramin and zinc nitrate hexahydrate. They observed that increase in concen-
tration of Zn* and OH results in the increase in diameter of the ZnO nanorods from 40
to 200nm'®. In a similar report by Syamanta et al. average diameter of nanorods in-
crease from 50 nm to 100 nm by increasing the concentration of the precursor solution
from 0.01M to 0.1M®8]. Eugene and coworkers also reported the sonochmical growth of
ZnO nanorods on a Pt electrode deposited on alumina substrate. Before the growth, a
thin layer of Zn was first deposited using RF sputering, and ZnO nanrods were success-
fuly grown from a reaction between HMT and Zinc nitrate hexahydrate under the influ-
ence of ultrasound, and the obtained ZnO nanorods demonstrated a high sensitivity with
low detection limit®®). Different size of ZnO nanowires and nanowalls of high quality
were synthesized on arbitrary substrates by Vabbina et al. they reported a simple seeding
process by sonication of Zinc acetate dihydrate which is faster and practicable compared
to the aforementioned process, and the structures obtained were of good crystal quality,
and have shown enhanced electrical characteristics!®*.

Table 3 summarizes the various techniques used in the synthesis of nanostructures of

ZnO on different substrates.
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Table 3: List of ZnO nanostructures synthesis techniques and grown products.

MBE Nanorods Silicon [10]
300-500°C

Hydrothermal Nanorods Glass and Silicon [[14]
60-95 °C

Soluthermal Nanorods TPU [20]
75°C

PLD Nanorods Sapphire and Silicon [46]
550-700 °C

CVvD Nanowires Chip [50]
700°C

Sonochemical Nanorods Glass and Si wafer [64-67]
Room ambient

Thermal evapo- Nanorods Porous Si [69]

ration 600-1000 °C

MOCVD Nanowires Sapphire and Silicon [70]
630 °C

PECVD Nanorods Sapphire and Silicon [71]
700°C

Sol-Gel Nanowires Silicon [72]
600 °C
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4. GROWTH AND CHARACTERIZATION OF ZnO NANORODS

4.1 Synthesis of ZnO Nanorods

The samples investigated in this thesis were grown by sonochemical technique, at
ambient condition. Fig.7 shows the experimental setup used in the sonochemical growth
of ZnO nanorods. A continuous ZnO seed-layer was first deposited over the substrate
followed by the growth of ZnO nanorods. This method has been reporte to be feasible as
it does not require complex setup, it does not produced any hazardous by-product,
therefore not harmful to the environment™°". Different samples were synthesized by
changing the growth condition and the antibacterial properties was assessed.

All chemicals used in this thesis were used directly without any further purification, and
all preparations were done at room temperature. Table 4 shows the chemicals used in the

deposition of ZnO seedlayer and growth of ZnO nanorods.

Table 4. Chemicals used in the synthesis of ZnO nanorods.

Chemicals Molar Mass Supplier
Zinc acetate dihydrate 219.51g/mol Tekkim

Zinc nitrate tetrahydrate  261.44g/mol Sigma Aldrich
Hexamethylenetetraimine 140.19g/mol Sigma Aldrich
Isopropy! alcohol 60.1g/mol Sigma Aldrich

4.1.1 Seeding Process

Deposition of seed layer is very crucial in the sonochemical growth of ZnO nanorods on
substrate. Several reports have shown that for ZnO nanorods to be obtained from a reac-
tion between Zinc nitrate and HMT, a catalytic thin layer of metallic Zn is required[®?®4.
However, this process seems to prolong the process and makes it more difficult because
Zn deposition is not available in most clean rooms. To mitigate these problems, a simple,
one-step seeding process was developed using Zinc acetate dihydrate, which has been
shown to form a suitable seed layer for the growth of ZnO nanorods on both polar and

non-polar substratest’..
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To seed the surface of the glass substrate, a 0.005M solution of Zinc acetate dihydrate in
isopropyl alcohol was prepared by dissolving 0.55g Zinc acetate dihydrate(C4H100¢Zn) in
a beaker containing 0.5L Isopropyl alcohol (IPA) at room temperature. The solution was
stirred with a magnetic stirrer at 750rpm for 15 min. A clear solution was obtained and
the glass substrate was then immersed into the solution and sonicated for 30 min at 50%

of the maximum amplitude of the 24KHz ultrasonic probe working at 400 W.

4.1.2 Growth Process

Growth of ZnO nanorods on a previousely ZnO-seeded substrate was shown to be
possible from a reaction between HMT and zinc nitrate under the effect of ultrasound. An
aqueous solution of 0.04M Zinc nitrate tetrahydrate (Zn(NOj3),.4H,0), and 0.04M
Hexamethylenetetramine (C¢H12N4) was prepared. First, 2.8038g of HMT was dissolved
in a beaker containing 0.5L deionised water and stirred with a magnetic stirrer at 750 rpm
for 5 min. In a separate beaker containing another 0.5L deionised water, 5.2288g of
Zn(NO3).4H,0 was dissolved and the solution was also stirred at 750 rpm for 5 min.
Equal volume of the two solutions was mixed by stirring. The substrate was then
immersed into the solution and sonicated at 50% of the maximum amplitude of the 24
kHz ultrasonic probe working at 400W for 30 min.

The same experiment was conducted for the second sample, but in this case the solution
was refreshed after 15 min. Due to the fact that grows of ZnO nanowires tend to slowed
down as time increases because of the depletion of Zn** ions, introducing a fresh solution
has been reported to improve the aspect ratiot”.

In order to study the time effect on the growth of the ZnO nanorods, sonication time was
further increased to 1 hour keeping other parameters constant. The role of the seed layer
was also studied by conducting another experiment without seeding the substrate keeping
all parameters constant.

The effect of the ultrasonic frequency was also studied by conducting another experiment
at 100% amplitude of the ultrasonic probe for 60 min.

Table 5. shows the different growth parameters involve in the sonochemical growth of
ZnO nanorods.
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Table 5. Growth parameters for the sonochemical growth of ZnO nanorods.

Samples Solution Seeding time  Growth time Ultrasonic
Concentration power

1 0.04M 30 min 30 min 50%

2 0.04M 30 min 15min+ 15min 50%

3 0.04M 30 min 1 hour 50%

4 0.04M 30 60 min 100%

5 0.04M No seeding 60 min 50%

Power
generator

Ultrasonic
probe

Growth
solution

Figure 7: Sonochemical growth set up.
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dihydrate in IPA + ultrasound
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tetrahydrate + HMT in DI water +

Figure 8. Schematic representation of sonochemical synthesis of
ZnO nanorods.
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Before
growth After

Figure 9: Digital image of ZnO nanorods growth solutions. growth

Fig. 9 shows the solution containing equal volume of 0.04M zinc nitrate tetrahydrate and
HMT prepared at room temperature. The solution was clear before the growth. After
being irradiated with high intensity of sound, the solution was found to be cloudy with
white precipitate. This indicated that the ultrasonic energy alone is strong enough to
allows for the dissolution of the molecular species without being subjected to further
treatment. The temperature was found to increase from the average room temperature
(22- 25 °C) to 65-80 °C depending on the time of sonication.
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Possible chemical reactions involve in the formation of ZnO nanorods by sonication of

zinc nitrate and HMT (6573741

(CH)sN4 + 6H,0 — 6NH3 + BHCHO (1)
NH; + H,O — NH4" + OH- (2)
Zn(NOs3)*6H,0 — Zn*" + 2NO3- (3)
Zn*" + 40H- — Zn(OH)4* 4)
Zn(OH) 42 — ZnO + H,0 + 20H- (5)

Both HMT and zinc nitrate participate in the formation of Zn(OH) 2 crystal which is
produce from the sonochemical reaction of Zn?* and 40H . NH,4" cations and OH- ani-
ons are release from the hydrolysis of HMT as shown in equation (1) and (2) above, and
Zn** cations are release from the dissolution of zinc nitrate as in equation (3).

Growth of the ZnO nanorods is initiated by the negatively charged ZnO seed layer with
O, ionization, this attract the Zn** by coulomb force of attraction and subsequently
bound to the ZnO seed surface. By incorporating OH- available in the solution, Zn(OH)
2 crystals are produced. Zn(OH) 4% are known to be unstable under sonication, there-
fore phase transition from Zn(OH) 4% to ZnO nanorods is said to occur at this stagel™!.
Alternatively, ZnO nanorods can also be grown from a reaction between Zn?* and O,
during sonication. Radicals *OH, *H, *HO, and *O,~ are generated through the sonolysis
of water in air atmosphere!®®, and the reaction proceed as follows® .

Zn** +2:0,- — ZnO + 3/20, (6)

27



4.2. CHARACTERIZATION TECHNIQUES

In order to analyse the ZnO nanorods grown by sonochemical technique, different
techniques have been used in this thesis both for surface characterization and elemental
analysis of the sonochemically synthesized ZnO nanorods. These include optical
microscopy, scanning electron microscopy(SEM), raman spectroscopy, and energy
dispersive X-ray spectroscopy(EDS). Details of the characterization techniques are given

below.

4.2.1 Optical Microscopy

Optical Microscopy is the oldest technique that is used to view smaller samples which are
otherwise invisible with the naked eye. This technique uses visible light and a system of
lenses to magnify images of small samples, often referred to as light microscopy. The
image from an optical microscope can be captured by normal light-sensitive cameras to
generate a micrograph. Originally images were captured by photographic film but
modern developments in CMOS and charge-coupled device (CCD) cameras allow the
capture of digital images.

The optical microscope is of two basic configuration: the simple microscope which uses
a lens to magnify image of an object through angular magnification alone, giving an erect
magnified virtual image. Simple microscopes are not able to achieve higher
magnification. The compound microscope on the other hand uses a lens (the objective
lens) close to the object being viewed to collect light which focuses a real image of the
object inside the microscope. That image is then magnified by a second lens or group of
lenses (the eyepiece) that gives the viewer an enlarged inverted virtual image of the
object. The use of a compound objective/eyepiece combination allows for much higher
magnification, reduced chromatic aberration and exchangeable objective lenses to adjust
the magnification. A compound microscope also makes more advanced illumination
setups, such as phase contrast possible. The compound microscope is the most widely
used in the current research field. The compound microscope has several parts which play
together to generate the image of the sample being studied. When the beam of light from
the microscope lamp passes through the condenser and then through the object to the
convex lense of objective, it forms a real inverted and enlarged image of the object in the
focal plane of eyepiece (by adjustment). This image now acts as object for the eyepiece.
Eyepiece lense finally forms a further enlarged virtual image of the object. Thus,
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magnifying power of a compound microscope is the multiplication product of magnifying
powers of objective and eyepiece.

In this thesis, Nikon H600I optical microscope equipped with digital camera fitted with
clemex captiva digital image analysis software was used to view the surface of the

sonochemically synthesized ZnO nanorods.

4.2.2. Scanning Electron Microscopy (SEM)

SEM is one of the most widely used technique for the surface characterization of
nanostructured materials. It provides detail topograhic feature of the samples including
shape and size of particles making up the sample It uses highly focused electron beams
which can be raster scanned on the surface of the sample In a typical scanning electron
microscopy, sample is scan in a raster pattern with a focused beam of electrons produced
by an electron gun. The condenser and objective lenses located below the electron gun
adjust the diameter of the electron beam and produce a small electron probe. These
electrons interact with the atoms in the sample. The interaction between electrons and
atoms of the sample produce a variety of signals including X-rays, backscattered
electrons, and secondary electrons which can be detected. These signals give information
about the surface topography and composition of the sample. Scanning electron
microscopy is a non-destructive technique and produce very high resolution image less
than 1nm. SEM can achieve a magnification from 10X to approximately 30,000X.

Scanning electron microscope FEI Quanta 250 -FEG equipped with EDS was used for

the structural characterization of the sonochemically synthesized ZnO nanorods.
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Figure 10. Schematic presentation of SEM instrument!’®’.
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4.2.3. Energy Dispersive X-ray Spectroscopy(EDS)

EDS is an analytical technique that is used for the elemental analysis or chemical
characterization of samples. EDS makes use of the X-ray spectrum emitted by a solid
sample bombarded with a focused beam of electrons to obtain a localized chemical
analysis. At rest, an atom within the sample contains ground state (or unexcited) electrons
in discrete energy levels or electron shells bound to the nucleus. The incident beam may
excite an electron in an inner shell, ejecting it from the shell while creating an electron
hole where the electron was. An electron from an outer, higher-energy shell then fills the
hole, and the difference in energy between the higher-energy shell and the lower energy
shell may be released in the form of an X-ray. The number and energy of the X-rays
emitted from a specimen can be measured by an energy-dispersive spectrometer. As the
energy of the X-rays are characteristic of the difference in energy between the two shells,
and of the atomic structure of the element from which they were emitted, this allows the
elemental composition of the specimen to be measured. EDS characterization capabilities
are due in large part to the fundamental principle that each element has a unique atomic
structure allowing unique set of peaks on its X-ray spectrum. EDS analysis is usually
done in connection to SEM, thereby using electron beam as the excitation source. A
detector is used to convert X-ray energy into voltage signals; this information is sent to a
pulse processor, which measures the signals and passes them onto an analyzer for data

display and analysis.

kicked-out ..
electron

Figure 11. Principle of EDS!".
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4.2.4. Raman Spectroscopy

RS is a spectroscopic technique that is used to observe vibrational modes in a system. In a
typical raman spectroscopy, sample is illuminated with a laser beam. Light scattered from
the illuminated spot is collected with a lens and sent through a monochromator. Due to
elastic Rayleigh scattering, wavelengths close to the laser line are filtered out while the
rest of the collected light is dispersed onto a detector. Raman spectroscopy relies upon
inelastic or raman scattering of monochromatic light usually from a laser in the visible,
near IR or near UV range. Photons of the laser light are absorbed, interact with the
molecular vibrations, phonons or other excitations in the system, and then re-emitted.
Frequency of the re-emitted photons is shifted towards higher or lower frequencies in
comparison with original monochromatic frequency, which is called the Raman effect.
This shift provides information about vibrational properties in the system. Every material
has a specific raman spectrum which is considered to be a finger-prints, therefore the
information acquired from raman spectroscopy is very crucial.

In this study, a confocal Raman microstage with an excitation wavelength of 488 nm was
used to determine the optical and structural properties of ZnO nanostructure synthesized

at room temperature.
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Figure 12. Energy-level diagram showing the states involved in Raman signall™.
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4.3. ANTIBACTERIAL RESPONSE

Two different bacterial strains were used to test the antibacterial properties of the
sonochemically grown ZnO nanorods.

Escherichia coli a Gram-negative, facultative anaerobic, rod-shaped bacterium that is
commonly found in the lower intestine of warm-blooded organisms. Most strains of
E.coli are harmless but there are a number of strains that causes intestinal and extra-
intestinal diseases including bacteremia and urinary tract infection by means of virulence
factors that affect a wide range of cellular processes!’™. E.coli is one the four most

common gram-negative pathogens that account for 32% of nosocomial infection[®”.

Figure 13. SEM image of Escherichia coli®!.

Bacillus subtilis a gram-positive, rod-shaped bacterium that has the ability to form a
tough, protective endospore, allowing the organism to tolerate extreme environmental
conditions. Although B.subtilis is commonly found in soil, water, air and decomposing
plant residue, but it is also reported to inhabit the gut and considered as a normal gut
commensal. Although the pathogenicity of B.subtilis is very rare, it can to cause diseases

in immunocompromised patient!®.
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Figure 14.SEM image of Bacillus subtilis®.

4.3.1. Bacterial cell culture

Bacterial cells were cultured in Tryptic soy broth (TBS) containing 17.0 g Enzymatic
Digest of Casein, 3.0 g Enzymatic Digest of Soybean Meal, 5.0 g Sodium Chloride, 2.5 g
Dipotassium Phosphate, and 2.5 g Dextrose per litre of purified water. Enzymatic digest
of casein and enzymatic digest of soybean meal are nitrogen sources in TSB, dextrose is
the carbon energy source that facilitates organism growth, sodium Chloride maintains
osmotic balance and dipotassium phosphate is a buffering agent. Using a sterile wire
loop a small amount of bacteria was transferred into Erlenmeyer flask containing TSB
and incubated at 37 °C for 24 h in an orbital shaker incubator and agitated at 150 rpm.
This aerate the medium and provide dissolved oxygen for homogeneous growth of the
cells and also prevent precipitation. Cells were washed with phosphate buffered sa-
line(PBS) to remove any traces of the culture media. The bacterial optical density (OD)

was adjusted to 0.2 at 600nm using a spectrophotometer.

33



Non-inoculated

TSB 24 hour culture

Figure 15. Digital image of Bacterial cell culture media.

4.3.2 Toxicity test

In order to test the toxicity of the sonochemically grown ZnO nanorods towards bacterial
cells, the two different glass substrates coated with ZnO nanorods and a bare glass slide
without ZnO which was used as control were first washed with ethanol and then rinsed
with phosphate buffered saline to eliminate any contaminant on the surface of the sub-
strates. Substrates were then placed in a multi-well cell culture dish and bacterial suspen-
sion was seeded and incubated. The incubation time was varied between 2 h and 5 h.
after the incubation, substrates were washed with PBS to remove non adherent cells, and

viability was studied using live/dead assay.

4.3.2.1 Live/Dead assay

Live/Dead baclight bacterial viability kit (Invitrogen) was used to distinguish metaboli-
cally active cells from injured and dead cells. The Live/Dead bacLight bacterial viability
kits utilize mixtures of SYTO-9 green-fluorescent nucleic acid stain and the red-
fluorescent nucleic acid stain, propidium iodide. These stains differ both in their spectral
characteristics and in their ability to penetrate healthy bacterial cells. When used alone,
the SYTO 9 stain generally labels all bacteria in a population; those with intact mem-
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branes and those with damaged membranes. In contrast, propidium iodide penetrates only
bacteria with damaged membranes, causing a reduction in the SYTO-9 stain fluorescence
when both dyes are present. Thus, with an appropriate mixture of the SYTO- 9 and
propidium iodide stains, bacteria with intact cell membranes stain fluorescent green,
whereas bacteria with damaged membranes stain fluorescent red. The excitation/emission
maxima for these dyes are about 480/500 nm for SYTO- 9 stain and 490/635 nm for
propidium iodide. The background remains virtually nonfluorescent. The percentage of
inactive cells was determined from the ratio of the number of cells stained with PI di-
vided by the number of cells stained with SYTO-9. The results were averaged out and the
standard deviations were calculated. The kits are well suited for use in fluorescence mi-
croscopy or for use in quantitative analysis with a fluorometer, fluorescence microplate

reader, flow cytometer or other instrumentation.

4.3.2.2 Fluorescence microscopy

Fluorescence microscopy is an essential tool in the field of biology and the biomedical
sciences, as well as in materials science due to attributes that are not readily available in
other contrast modes with traditional optical microscope. It uses fluorescence or phospho-
rescence to generate an image by the absorption and subsequent re-emission of light by
organic or in organic specimen. The specimen is first labelled with fluorescent stains and
then illuminated with light of a specific wavelength which is absorbed by the fluoropho-
res, causing them to emit light of longer wavelengths (i.e., of a different color than the
absorbed light). The illuminated light is separated from the much weaker emitted fluores-
cence through the use of a spectral emission filter.

In this study, the stained cells were analyzed with BX 51 Olympus Fluorescence Micro-
scope (Leeds Instrument Inc.) equipped with a DP72 digital camera under a 40x objective
and a Fluorescein isothiocyanate (FITC) filter. All images were acquired and analyzed
using Cell Sens Dimension digital imaging software (Olympus). Image-Pro Plus 6.1
(Media Cybernetics, Inc.) software was used to count the cells. The toxicity or the per-
centage of inactive cells was expressed as the percentage ratio of the total number of in-
active cells (red) to the total number of cells (green). Average and standard deviation val-

ues were calculated on the percentages based on that cell count.

35


http://en.wikipedia.org/wiki/Wavelength
http://en.wikipedia.org/wiki/Fluorophores
http://en.wikipedia.org/wiki/Fluorophores

Agar flipping test was further conducted to study the continuous growth of cells in the
presence of the ZnO nanorods. This was done by incubating the cells together with ZnO
nanorods in tryptic soy agar (TSA) at 37 °C for 48 h. Growth was measured after 24 h
and 48 h of incubation.

4.3.3 Drop plate method

This is a method used to determine the number of colony in a bacterial suspension. ZnO
nanorods-coated substrates were incubated together with bacterial cell for 2 and 5 h.
After the incubation period, substrate were taken and washed with PBS to remove the
attached cells. 1ml of the obtained bacterial suspention was dispensed into a dilution tube
containing 9ml of sterile buffered solution. Four serial dilutions were made. 3 drops of
25ul of each dilution was placed onto agar plate. Drops were allowed to soak into the
media before turning, and plates were incubated overnight at 37 °C. Viable cells were
counted after the incubation period.
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5. RESULTS AND DISCUSSION

In this thesis, growth ZnO nanorods and their antibacterial properties against two
different bacterial strains was reported. ZnO nanorods of different size were obtained
from sonochemical reaction of zinc nitrate tetrahydrate and HMT. Growth was carried
out within 30-60 min, sebsequent to a 30 min seeding process as stated in the experimetal
section. The sonochemically grown ZnO nanorods were analysed by different techniques.

Details are given below.

5.1. Seedlayer

Figure 16 shows the optical microscope image of the ZnO seed layer deposited on glass
substrate, prior to growth ZnO nanorods. Images were taken from different spots at 50x
and 100x magnification respectively. It can be seen that higher magnification give a
better resolution. These images also shows that the particles are widely dispersed on the

substrate.
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Figure 16: Optical image of ZnO seed layer taken with 50x magnification, (a)
spot 1, (b) spot 2 and 100x magnification (c) spot 1, (d) spot 2.

Figure 17 shows the SEM images of the ZnO seed layer. The images agrees well with the
optical mcroscope image showing the surface covered with ZnO seed layer, with few
areas devoid of the growth as observed in figl7(a). It can be seen that nanoparticles of
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similar shape and size were formed figl7(b). This would serve as the nucleation site for

the growth of ZnO nanorods on the substrate.

WD ma = ressure —edt B [4.1)
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Figure 17: SEM image of ZnO seed layer deposited on glass substrate
(a) 10 000x maanification and (b) 100 000x maanification.
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5.2. Sample grown for 30 min at 50% amplitude

Optical Microscopy

Figurel8 shows the optical images of different spots of the 30 min continuously grown
sample. Images were first taken at 50x magnification (a) and (b), and again taken at100x
magnification (c¢) and (d). It can be seen that growth of ZnO nanorods was not
homogeneous with some spots having dense growth as in fig.18 (a) and (c) while low

growth was observed in other spots(b) and (d).

Figure 18: Optical image of ZnO nanorods grown for 30 min, at 50% amplitude,
taken with 50x magnification, (a) spot 1, (b) spot 2 and 100x magnification (c)
spot 1, (d) spot 2.
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SEM

Figure 19 shows the SEM image of 30 min continuously grown sample. The images
show a non-homogeneous growth of ZnO nanorods fig 19(a). The images also show ZnO
nanorods of uniform shape and size fig 19(b) were obtained in this sample. The average

diameter was found to be ~78nm as estimited using clemex image analysis software.

Figure 19: SEM images of ZnO nanorods grown for 30 min, at 50%
amplitude sample. (a) 10 000x magnification and (b) 100 000x
magnification.
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EDS

Figure 20 show the EDS spectrum of ZnO nanorods grown for 30 min, at 50% amplitude.
The chemical analysis shows the presence of Zn and O which indicated that the nanorods
are composed purely of Zn and O. However, Si was also identified but this could be no

where but from the glass substrate.
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Figure 20: EDS spectrum of ZnO nanorods grown for 30 min, 50%
amplitude sample .(a) graphical presentation, (b) oxygen mapping, (c) zinc
mapping and (d)silicon mapping.

Raman Spectroscopy

Every material exhibits a characteristics raman spectrum which is considered to be a
finger print. Raman spectra are very sensitive to crystal quality, structural defect and the
disorder of grown structures. Therefore raman specroscopy provide a distinct information
about the structure of the material.

ZnO has a hexagonal wurtzite structure which belongs to the C %y with two formulae
unit per primitive cell. A;+ 2E, + E; are the raman active optical phonon mode predicted
by group theory, among which A; and E; are the polar phonons which can split into

transverse optical (TO) and longitudinal optical (LO) modes. E; is the non-polar mode
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which is composed of two modes frequency E,(High) associated with oxygen atoms and

E,(Low) associated with Zn sub-latticel®* .

Figure 21 shows the Raman spectrum of ZnO nanorods grown for 30 min, at 50%
amplitude. E,(Low) and Ex(High) are observed in this sample which are vibrational
mode of ZnO crystal. Additional peak can be seen at 325cm™. This could be assigned to
the second order Raman spectrum arising from the zone boundary phonon E,(Low) and
E,(High)®!.
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Figure 21: Raman spectrum ZnO nanorods grown for 30 min, at 50% amplitude
sample. (black) substrate, (red) and (blue) ZnO at different spots. inset confocal
raman image.
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ZnO nanorods of uniform size were obtained in this sample. However, growth of ZnO
nanorods was observed to be non-homogeneous. This indicates that during the 30 min
sonication period, Zn(NOg3), and HMT do not completely decompose. This results inde-
crease in the amount of Zn** and OH ™ in the solution. Therefore, the formation of
Zn(OH), complexes from the dehydration of which ZnO nanorods are form is decreased .
Nucleation was also reported to be difficult when the concentration of Zn** and OH™ is
low inthe solution, this decreases the growth rate and resulted in the non-homogeinity of
the growth.

5.3. Sample grown in two-cycle at 50% amplitude

Optical Microscopy

Figure 22 shows the optical images of ZnO nanorods grown in two-cycle, at 50% ampli-
tude. The images were taken from different spots, and at 50x and 100x magnification. It
can be seen that growth of ZnO nanorods in the sample was similar to the continuosly
grown sample with some points having dense growth while some points have few growth

of ZnO nanorods.
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Figure 22: Optical image of ZnO nanorods grown in two-cycle, at 50%
amplitude, taken with 50x magnification, (a) spot 1, (b) spot 2 and 100x
magnification (c) spot 1, (d) spot 2.
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SEM

Figure 23 shows the SEM image of ZnO nanorods grown in two-cycle, at 50% amplitude.
The images show a non-homgeneous growth of ZnO nanorods fig 23(a). The images also
show ZnO nanorods of uniform shape and size fig 23(b) were obtained in this sample.

The average diameter was found to be ~65nm.

Figure 23: SEM images of ZnO nanorods grown in two-cycle, at
50% amplitude. (a) 10 000x magnification and (b) 100 000x
magnification.
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EDS

Figure24show the EDS spectrum of ZnO nanorods grown in two-cycle, at 50% ampli-
tude. The chemical analysis shows the presence of Zn and O which indicated that the
nanorods are composed purely of Zn and O. However, Si was also identified but this

could be no where but from the glass substrate.
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Figure 24: EDS spectrum ZnO nanorods grown in two-cycle, at 50% ampli-
tude. (a) graphical presentation, (b) oxygen mapping, (c) zinc mapping and
(d) silicon mapping.

Raman Spectroscopy

Figure 25 shows the Raman spectrum of ZnO nanorods grown in two-cycle, at 50% am-
plitude. Because of the non-homogenity of the growth observed in this sample, as
indicated by both optical microscopy and SEM, measurements were taken from two
different spots. However, E;(High) can be observed in all the spots which is a finger print
of ZnO wurtzite structure. Black is the substrate while blue and red are the two differents
point, and the insets are the confocal raman images. The peak at 97cm™ is assigned as the
E2(Low). The peak shifted from the bulk value by ~ 5cm™. The peak at 453cm™ is
assigned as the Ex(High) which is shifted by a value of ~ 16cm™. The shift in the peak is

due to the optical phonon confinement effect observed in nanostructures . The
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differences observed in the peak intensity of the two different spots can be attributed to
the difference in amount of ZnO and crystal quality in the specific point which agrees

with previous findings®®™!. Additional prominent peaks were also observed which are

characteristics of nanostructures.
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Figure 25: Raman spectrum of ZnO nanorods grown in two-cycle at 50% amplitude.
(black) substrate, (red) and (blue) ZnO at different spots. inset confocal raman image.

Growth of ZnO nanorods was found to be non-homogeneous with ZnO nanorods of uni-
form shape and size as in the previous sample. However, the diameter was found to de-
creased from ~78 nm in the continuously grown sample to~ 65 nm in this sample. This
indicates that refreshing the growth solution during the first half of the growth period
allows the growth of ZnO nanorods to continue along 0001 direction, thereby decreasing

the diameter and also increases the aspect ratio®”.
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5.4. Sample grown for 60 min at 50% amplitude

Optical Microscopy

Figure 26 shows the optical images of ZnO nanorods grown for 60 min, 50% amplitude.
Growth of ZnO nanrods was found to be more dense and homogeneous. It can be seen
that the glass substrate was almost entirely covered with ZnO nanorods. The images also
show that ZnO nanorods clustered at some points giving a different optical property.

Figure 26: Optical image of ZnO nanorods grown for 60 min, at 50% amplitude,
taken with 50x magnification, (a) spot 1, (b) spot 2 and 100x magnification (c)
spot 1, (d) spot 2.
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SEM

Figure 27 shows the SEM image of ZnO nanorods grown for 60 min, at 50% amplitude.
A dense growth of ZnO nanorods was observed in this sample fig. 27(a). The ZnO
nanorods were found to be of variable size in this sample as seen in fig. 27(b), with the

average diameter been ~107 nm.

Figure 27: SEM images of ZnO nanorods grown for 60 min, at 50%
amplitude.(a) 10 000x magnification and (b) 100 000x magnification.
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Raman Spectroscopy

Figure 28 shows the raman spectrum of sample3. E;(High) was observed in this sample
which is a vibrational mode of ZnO wurtzite crystal associated with motion of oxygen.
A;(LO) which usually arises due to oxygen deficiency and/or increase in the lateral
grain size of the structures'®, was also observed in this sample.This corresponds to the
growth condition, in which the sample was sonicated for the longer period of time.
Increase in sonication time results in the increase number of oxygen vacancies and also
leads to crystal lattice deformation®!. And the peak at 1045cm™ is assigned as the second

order raman phonon.
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Figure 28: Raman spectrum of ZnO nanorods grown for 60 min, at
50% amplitude. (black) glass substrate, and (blue) ZnO.

Growth of ZnO nanorods was found to be dense and homogeneous. This indicates that
the long sonication period allows for the complete decomposition of Zn(NOgs), and HMT
this provide sufficient Zn* and OH™ therefore nucleation can be easily achieved and the
growth rate increases®®. However, the average diameter was found to be ~107nm as the
sonication time increases, this is in comparison with previous work!®® 8. The increased

diametre is due to the long sonication period in which the increase in nucleation rate
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results in shortage of Zn** ions in the solution, thereby hindering the growth of the
nanorods along the 0001 direction, while favouring the 2110 direction growth which
increase the diameter of the nanorods. It was also observed that, while some of the
nanorods are of typical hexagonal shape, some are observed to have tapering and sharp
end. Furthermore, some ZnO nanorods tend to cluster and form a flower-like structure
during the long sonication period as depicted in fig. 27(b). This correlate with previous
studies which indicates that when ZnO nanorods are growing, the amount of Zn®* is
decreasing in the solution and the density of charge at the end of the ZnO nanorods is
increased, and each Zn* ion is attracted by some nanorods. Therefore, ZnO nanorods are
connected to each other by Zn?* ions, forming a flower-like structurel’™. This shows that
sonication can have a great influence on the orientation of the ZnO nanorods. The
decrease in concentration of Zn?* in the solution also accounted for the appearance of
Zn0O nanorods withsharp tip. In a similarly findings, decrease in the amount of Zn vapor

source results in the formation of needle-like structures®.

5.5. Sample grown for 60 min at 100% amplitude.

Optical Microscopy
Figure 29 shows the optical microscopy of the ZnO nanorods grown for 60 min, at 100%
amplitude. Images were taken from different spots at 50x and 100x magnification. The

images show that a dense and homogeneous was growth obtained.
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Figure 29: Optical images of ZnO nanorods grown for 60 min, at 100%
amplitude taken with 50x magnification, (a) spot 1, (b) spot 2 and 100x
magnification (c) spot 1, (d) spot 2.

The growth of ZnO nanorods was found to be dense and homogeneous as in previous
sample. However, ZnO nanorods in this sample were found to be of uniform shape and
size as observed in fig. 30(b), and the average diameter was found to be ~50nm which is
less than half of the 50% amplitude grown sample with ~107nm. The decrease in

diameter could result from the high intensity of ultrasound. The increase in ultrasound
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intensity increase the cavitation phenomenon, therefore collapse cavity in the solution

creates shockwave which decrease the size of the nanorods®,

SEM

Figure30 shows the SEM image of ZnO nanorods grown for 60 min, at 100% amplitude
of the ultrasonic probe. Dense and homogeneous growth of ZnO nanorods can be seen in

this sample.

MAN

Figure 30: SEM images ZnO nanorods grown for 60 min, 100%
amplitude. (a) 10 000x mafnification and (b) 100 000x
magnifacation.
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Raman Spectroscopy

Figure 31 shows the raman spectrum of sampl4. Ex(High) was identified in this sample
which is a vibrational mode of ZnO wurtzite crystal associated with motion of oxygen.
A;(LO) can also be seen in this sample which arises due to oxygen deficiency and/or
increase in the lateral grain size of the structures®”. This is similar to the previous sample
which was also grown for 60 min, but unlike the previous sample grown at 50% of the
maximum amplitude, this sample was grown at 100% amplitude which indicated that the
high frequency does not have much effect on the crystal quality as does the time.
However, additional characteristics of nanostructures are seen in this sample. And the

peak at 1040cm™ is assigned as the second order raman phonon.
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Figure 31: Raman spectrum of ZnO nanorods grown for 60 min, at
50% amplitude (black) glass substrate, (red) and (blue) ZnO at different
spots.
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5.6. Sample grown without seedlayer

Optical Microscopy

Figure32 shows the optical image of ZnO nanorods grown in absence of the seedlayer. It
can be seen that ZnO nanorods were randomly orianted on substrate due to the absence of

the seedlayer.

Figure 32: Optical image of ZnO nanorods grown without seedlayer for 60 min, at
50% amplitude taken with 50x magnification, (a) spot 1, (b) spot 2 and 100x
magnification (c) spot 1, (d) spot 2.
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SEM
Figure 33 shows the SEM image of ZnO nanorods grown directly on the substrate

without the seedlayer. Randomly oriented ZnO nanorods were obtained in this sample
fig.33(a). The ZnO nanorods were also found to be of irregular shape and size fig 33(b).

Figure 33: SEM images of ZnO nanorods grown in absence of seedlayer.(a)
low resolution and (b) high resolution.

In this sample it can be concluded that the seedlayer plays a significant role in the forma-
tion of ZnO nanorods on substrate. Because of the lattice mismatch between the nanorods

and the substrate, it is not easy for the ZnO nanorods to grow directly on the surface of
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the substrate!®®. Therefore, the seedlayer serves as the nucleation site for the ZnO nano-
rods.

It was also observed that the seedlayer directs the orientation and morphology of the ZnO
nanorods as seen in fig. 33(b), the ZnO nanorods grown in the absence of seedlayer were

of irregular shape and size.

5.7 Antibacterial Response

The two different bacterial strain; Eschericia coli MG 1655 a gram-negative bacterium
and Bacilus subtilis 102 a gram-positive bacterium, showed different response to the
three ZnO nanorods samples. This is indicated by the three different methods used to
assessed the toxicity of the ZnO nanorods. However, in all the three methods, the ZnO
nanorods-coated glass substrates showed greater toxicity compared to glass substrate

which was used as a control sample.

5.7.1 Live/Dead assay

Figure 34 shows the fluorescence image of B. subtilis on the two ZnO nanorods samples,
and the control sample. Images were taken after 2 h of incubation. Green fluorescence
show the total number of bacterial cells on the substrate, while the red fluorescence show
the number of damaged/dead bacterial cells.The results indicated that the number of
bacteria on the two ZnO nanorods surfaces is higher than on the control sample. This
could be due to nanotopographic surface generated by the nanorods, which might have
allow the bacterial cells to adhere more to the surface. However, the numbers of dead
cells are higher on the ZnO nanorods samples than the glass samples. The results also
showed that the number of dead cells on ZnO nanorods grown continuously for 30 min

was higher than on ZnO nanorods grown in two-cycle.
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Figure 34: Fluorescence image of B. subtilis after 2 h of incubation. (a) total
cells, (b) dead cells on ZnO nanorods grown for 30 min, at 50% amplitude, (c)
total cells, (d) dead cells on ZnO nanorods grown in two-cycle at 50%

amplitude, and (e) total cells, (f) dead cells on glass control.
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Figure 35 shows the fluorescence imgaes of B. subtilis on the two ZnO nanorods samples,
and the control sample after 5 h incubation. This results also showed that the number of
dead cells on the ZnO nanorods samples were higher than on control sample(fig.35f). It
was observed that ZnO nanorods grown in two-cycle at 50% amplitude (fig.35d) has
higher number of dead cells than on ZnO nanorods grown for 30 min at 50% amplitude
(fig.35b).

Figure 35:Fluorescence image of B. subtilis after 5 h of incubation. (a) total cells, (b)
dead cells on ZnO nanorods grown for 30 min, at 50% amplitude, (c) total cells, (d) dead
cells on ZnO nanorods grown in two-cycle at 50% amplitude, and (e) total cells, (f) dead
cells on glass control.
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Figure 36 shows the fluorescence imgaes of E.coli on two ZnO nanorods coated samples,
and glass substrate; the control sample. Images were taken after 2 h of incubation. It was
observed that the number of dead cells on ZnO nanorods grown for 30 min at 50%
amplitude fig.36(b) was higher than on ZnO nanorods grown in two-cycle at 50%

amplitude fig.36(d), and the control samplefig.36(f) has least number of dead cells.

Figure 36: Fluorescence image of E. coli after 2 h of incubation. (a) total cells,
(b) dead cells on ZnO nanorods grown for 30 min, at 50% amplitude, (c) total
cells, (d) dead cells on ZnO nanorods grown in two-cycle at 50% amplitude,
and (e) total cells, (f) dead cells on glass control.



Figure 37 shows the fluorescence imgaes of E.coli on two ZnO nanorods samples, and
control sample after 5 h incubation. This results also showed that the numbers of dead
cells on the ZnO nanorods samples were higher than on control sample fig.37(f). It was
also observed that ZnO nanorods grown for 30 min at 50% amplitude fig.37(b) has higher
number of dead cells than on ZnO nanorods grown in two-cycle at 50% amplitude
fig.37(d).

(@)

Figure 37: Fluorescence image of E. coli after 5 h of incubation. (a) total cells, (b)
dead cells on ZnO nanorods grown for 30 min, at 50% amplitude, (c) total cells, (d)
dead cells on ZnO nanorods grown in two-cycle at 50% amplitude, and (e) total
cells, (f) dead cells on glass control.



Figure 38 shows the percentage of dead cells as a function of the two ZnO nanorods
samples, for different time of incubation.

For B. subtilis it can be seen that over 50% of the cells were dead within the first 2h of
incubation on samplel, which was a bit higher than sample2 with about 48% dead cells.
However, the percentage of dead cells on both samples were higher than the glass
substrate with only about 37% dead cells. As the incubation period increases from 2 h to
5 h, the reverse case was observed with sample2 showing greater toxicity having 80% of
the cells dead. Neverheless, the toxicity of samplel increases as well with about 65% of
the cells dead. This is more than the glass with about 57% of the cells dead. This

indicated that the toxicity increases with increasing time of incubation in both the

samples.
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Figure 38: Toxicity of ZnO nanorods samples on E. coli and B. subtilis
after 2 and 5 h of incubation.
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For gram negative E. coli, level at which ZnO nanorods exhibited toxicity was not as
profound as in the gram-positive B. subtilis in both 2 h and 5 h (fig.38). About 11% of the
cells were found dead in the first 2 h of incubation on sample2, and the percentage was
found to increase to about 20% after 5 h. The results indicated that samplel was more
toxic with about 15% dead cells at the first 2 h and 22% at 5 h of incubation. In contrast
to both samplel and sample2, the percentage of dead cells on glass was found to be 8%
and 17% after 2 and 5 h incubation respectively. This indicates that the ZnO nanorods

have shown antibacterial action on the bacterial cells.

5.7.2. Agar flipping test

Agar flipping test was further conducted to monitor the continuous growth of the
bacterial cells in the presence of ZnO nanorods for a long period of time. Growth of cells
was measured at both 24 and 48 h. It is worthy of note that ZnO nanorods-coated
subtrates greatly reduced the growth of bacterial cell compared to glass substrate(fig. 39).
The continuous growth of bacterial cells follows the same trend as the toxicity test. The
gowth of E. coli in the 30 min continuously grown sample is less than the 15+15 min
sample in both 24 and 48 h. The same with B. subtilis the 30 min continuously grown
sample has less growth than the two-cycle 15+15 min sample during the 24 h incubation,
but as the incubation period was extended to 48 h, two-cycle 15+15 sample has less
growth. This indicated that there are other possible mechanism by which ZnO nanorods

exibited the antibacterial action.
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Figure 39 shows the growth of B.subtilis on agar plate with the control sample. Growth
of cells was found to increase as the incubation period increases. The growth was
observed to be higher in the control plates compared to the ZnO nanorods samples. This
indicated that the ZnO nanorods have to a certain extent suppressed the growth of cells.

c) Control plates {Zh) at time 48h

Figure 39:Digital image of agar flipping test of glass
substrate. (a) 0 h, (b) 24 h, and (c) 48 h.

65



Figure 40 shows the growth of B.subtilis on agar plate in the presence of ZnO coated
substrates. It can be seen that the growth of cells was less than that of the control which
shows that the ZnO nanorods coated substrate have some cytotoxic effect on the bacterial

cells by preventing cellular growth compared to the glass substrate.

c) B. subtiis {(5h) at time 48h

Figure 40: Digital image of agar flipping test of B. subtilis on ZnO
nanorods substrate. (a) 0 h, (b) 24 h, and (c) 48 h.
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Figure 41 shows the overall
nanorods. The growth of bacterial cells was found to be in correlation with the toxicity of

the ZnO nanorods; the higher the toxicity, the less growth of cells observed.

cell growth on agar plates (cm)

Il Control-2h
Il Control-5h
Bl samplel (2h)
B sample2 (2h)
B samplel ﬁsh;
Il sample2 (5h

E. coli 24h E. coli 48h

Figure 41: Growth zones of E. coli and B. subtilis measured on
agar plate at different time intervals, for the two different ZnO

nanorods samples.

growth of cells on agar plate in the presence of ZnO
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5.7.3 Drop plate count

Figure 42 shows the percentage toxicity of sample sonicated for 60 min at 100%
amplitude, using the drop plate count method. This sample was obsereved to exhibited
the maximum antibacterial properties towards both E.coli and B.subtilis compared to
other two samples. over 90% of the bacterial cells were found dead even at 2 h incubation
period. However, the highest antibacterial action was observed on B.subtilis at 5 h
incubation period with no viable cell observed. The substrate grown under this condition
was found to be densely coated with ZnO nanorods, this might have resulted in more
ZnO nanorods penetrating bacterial cell, and/or release of more Zn?* ions, thereby killing

more bacterial cells.
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Figure 42: Percentage toxicity of sample4 on E.coli and B.subtilis
after 2 and 5 h incubation.
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Figure 43 shows the SEM image of E.coli on glass and ZnO nanorods substrates after 48
h incubation. Damage of bacterial cells was observed on the ZnO nanorods (b), which
indicates the toxicity of the ZnO nanorods towards the bacterial cells compared to the
glass substrate(a).

SEl 20kV WD10mmSS50 x4,300 S5pum

SEI 20kV WD11mmSS58 x5,000 Spm

Figure 43: SEM image of E.coli after 48 h incubation on (a)
glass control (b) ZnO nanorods.
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Figure 44 shows the SEM image of B.subtilis on (a) glass and (b) ZnO nanorods
substrates. It can be seen that bacterial cells on the ZnO nanorods substrate were damaged
comapared to those on glass substrate. This indicates the toxicity of the ZnO nanorods

towards the bacterial cells.

10kV  WD10mm SS30

Figure 44: SEM image of B.subtilis after 48 h incubation (a)
glass control (b) ZnO nanorods
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CONCLUSION

ZnO nanorods of various size were synthesized by sonochemical method. It was found
that the sonication period and the amplitude play an essential role in the growth of ZnO
nanorods on substrate. The long sonication period at the maximum amplitude produced
the best result, with ZnO nanorods densly grown on the substrate.

The antibacterial properties of the sonochemically synthesized ZnO nanorods toward
E.coli and B.subtilis was investigated. It was found that the sample sonicated for long
period at the maximum amplitude exhibited the highest antibacterial properties, compared
to the two other samples that were grown for 30 min at 50% amplitude. The number of
dead cells was found to be over 90% for the gram-negative E.coli cells at both 2 and 5 h
of incubation, this is~4.5-fold more than the 30 min continuously grown sample, and ~5-
fold more than the 15 min two-cycle grown sample. The gram-positive B.subtilis showed
the maximum susceptibilty with 100% death of cells. However, this is just ~1.5-fold more
than the 30 min continuously grown sample, and 1.2-fold more than the 15 min two-
cycle grown sample.

The exact mechanism of antibacterial activity of ZnO nanostructures still remain
adebating topic among researchers. Many believed the generation of reactive oxygen
species by ZnO nanostructures to be one of the major mechanism by which ZnO can
induce the death of the cell, other proposed mechanisms include release of Zn** from the
dissolution of ZnO in moist environment which damage the bacterialcell wall, penetration
of the bacterial cell wall is also considered to be another mechanism by which ZnO
damage the bacterial cell and causes its death* %637 %11,

In this thesis, It can be concluded that the antibacterial mechanism of the sonochemically
grown ZnO nanorods could be due disruption of bacterial cell wall by the ZnO nanorods
as indicated by the SEM images(fig.43, 44) Possible release of Zn** ions from the slow
dissolution of ZnO which penetrate the cell membrane and interfere with the homeosta-
sis of the cell or cause a prolonged lag phase of the growth cycle can also be considered
another factor for the antibacterial activity of the prepared ZnO nanorods®®. It was also
found that the antibacterial properties of the ZnO nanorods increase with increasing time
of incubation (fig.40-42).

The overall results show that the ZnO nanords exhibted higher toxicity towards B. subtilis
than E.coli. This is not different with results obtained in previous findings, with gram-

positive bacteria being more susceptible than the gram-negative bacteria. This is

71



attributed to their cell wall structural differences, so may have interact differently with
the ZnO nanorods through Van der Waals and electrostatic inetraction* 3¢ 37,
Moreover, gram-negative bacteria are more resistant to antibiotic than gram-positive
bacteria. This might have allow E.coli to resist attack by the ZnO nanorods under this
experimental condition. The results also indicated that the antibacterial effect of ZnO
nanorods was bactericidal; Killing the bacteria, rather than bacteriostatic, as it does not

prevent the adherence of bacteria.
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6. FUTURE WORK

Based on the findings from this study, for wide range of potential application of ZnO

nanostructures in the biomedical field, the following future work could be done:

<> Synthesis of ZnO nanorods on different substrates including polymers for various
biological application.
X Investigation of the antibacterial effect of ZnO nanorods against other bacterial

strains, especially the pathogenic strains.

<> Investigation of the detail mechanism of antibacterial action of ZnO nanorods.
<> Investigation of the interaction of ZnO nanorods with human cells
X Investigation of the possible toxicity of ZnO nanorods towards cancer cells.

<> Explore the possibility of sonochemical method in the synthesis of nanostructures
of other metal oxide semiconductores .
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