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ABSTRACT

Titanium Oxide (TiO2) as a photocatalyst produces free radicals upon receiving light
energy; thus, it possesses antibacterial properties. The antibacterial property of silver-
nanoparticles-doped TiO, photocatalysts (Ag-NPs/TiOz) could be further enhanced by
visible light illumination, which also widens its practical applications. However, the
major limitation of this Ag-NPs/TiO> composite material is its poor miscibility, which
subsequently reduces the antibacterial activities of the material. To overcome this
limitation, the Molecular Precursor Method (MPM) was adopted in this study as a
synthetic method for the fabrication of Ag-NPs/TiO2 composite thin films with various
and unprecedentedly high amounts of Ag-NPs. X-ray Diffraction (XRD) results
revealed the presence of metallic Ag and a mixed phase in composite films. For
composite films with less Ag content, Field Emission-Scanning Electron Microscopic
(FE-SEM) analyses showed well dispensed Ag nanoparticles which appeared
uniformly distributed across the films. Particles agglomeration and rough surface
morphology were observed in films with high loads of Ag-NPs. Far-reaching
absorption across the visible region was observed for composite films and the Surface
Plasmon Resonance (SPR) of Ag-NPs is ascribed to the effect. The antibacterial
behaviors of resultant films were investigated against a gram negative bacterium,
Escherichia coli as a model, both in the dark and under visible light by using the
Antibacterial Susceptibility Testing method. Composite films were found to have
superior bactericidal activity than either neat TiO2 or Ag-only films, both in the dark
and under visible light. Furthermore, films showed enhanced antibacterial activity
under visible light than in the dark. In summary, all films exhibited bactericidal effect

of different proportions depending on the Ag-NPs content in the titania matrix.



Table of Contents

ABSTRACT ..ttt b et h bbbt b ettt b ettt b et b et bbb e ii
LIST OF TABLES ...ttt sttt v
LIST OF FIGURES ...ttt Vi
CONFERENCE PROCEEDING ..ottt i
LIST OF ABBREVIATIONS AND/OR ACRONYMS .....c.ooceiiiiniiiniesiesieeeeseee e X
ACKNOWLEDGEMENTS ..ottt Xii
DEDICATION. ...ttt ettt ettt b et b e enes Xiii
DECLARATIONS ...ttt ettt ettt Xiv
CHAPTER 1: INTRODUCTION ...ttt 1
1.1, Background Of the STUY..........ccceoveiriririnireeeee e 1
1.2, Statement of the probIem ... 2
1.3, ODbBJectives Of the STUAY.......ccccoireieiiirerrereeeee e 2
1.4, Significance Of STUAY ...ccccveecieiiiieeececeeeeee ettt 3
CHAPTER 2: LITERATURE REVIEW.....ccocoiiiiiiiiieieeeeeesee e 4
2.1, OVEIVIBW ...ttt ettt sttt et e et e st eseebestesenae st eneeneeseesensestensan 4

2.2. Crystal structure and properties of naturally occurring polymorphs of titanium

GHOXIAR ...ttt 6
2.3. Development of visible light active (VLA) TiO; photocatalysts...........ccccceevvruenen. 19
2.3.1. Non-metal doping of TiO; photocatalysts.........ccccceeveeveiiecieneceecececeee e 19
2.3.2. Noble metal and transition metal doping of TiO, photocatalysts.................. 21
2.3.3. Dye sensitization in TiO2 photocatalysts.........cccceeeeieveieeciececeece e 24
2.4. Historical background of noble metal nanoparticles...........ccccevvveeveeneeceerienennen, 25
2.5. Methods for the synthesis of Ag Nnanoparticles..........cccooveveviieevecieecereeeeeseeen, 28
2.6. Reduction of silver ions to metallic SHVET ........cccccueoiiririnieeeeeee 30
2.7. Methods for fabrication of Ag/TiO2 SUITACES .........cceecvevieeieeiieiie e 32
2.7.1. S0OI-gel METNOA ...t 32
2.7.2. Molecular Precursor Method (MPM) .......ccooieiiiineeceseeee e 33



2.8. Mechanism of photo-activity of pure TiO,, Metal doped-TiO, and Nonmetal-

(o [o] o110 I 1 [ 7 O OSSPSR SRRSO PPUPURORPION 34
CHAPTER 3: RESEARCH METHODS ..ottt 36
3.1 RESEAICIN AESIGN ...ttt et 36
3.2 IMIAEETTAIS ...ttt 36
3.3 PrOCEAUIES ...ttt bttt 37
3.3.1. Cleaning of quartz glass SUDSIFAteS .........cccceveeeeriieeercseeee e 37
3.3.2. Preparation of the Titania precursor solUtion (Si) c.ccceevveveveieecesieeeerie e 37
3.3.3. Preparation of the silver precursor Solution (Sag).......cooeeererereeereneneriennenne 38
3.3.4. Preparation of Ag-NPs/ Titania composite precursor solutions and thin films
....................................................................................................................................... 39
3.3.5. Thin film charaCterization.............coeverereneneieeereeeee e 41
3.3.6. Antibacterial activity evaluation............ccccceveirininineneseeeeeeee e 43
CHAPTER 4: RESULTS AND DISCUSSIONS .....cooiiiiiieeeetereete e 46
4.1. Synthesized Precursor SOIULIONS ..........cccoiriririrerieiee e 46
4.2. Fabricated thin filMS........ooooiiirie s 47
4.3. Structural and chemical characterization of thin films............cccocoiviinnnnne 48
4.3.1. PRASE ANAIYSIS ....ueevieiieieitieteite sttt ettt ettt st ae s te e e b e st este e naesreeneens 48
4.3.2. SEM @NAIYSIS ...cvveiiciiceicieetecie ettt sttt ettt e a e b st s be et e sreenaens 50
4.3.3. Profilometry; thin film thickness analyses.........cccocooveveneeieiiceececeeceeceeiens 52
4.3.4. Optical property of fabricated thin films ...............cccccoeiiiiiiii e, 53

4.4. Antibacterial activity evaluation............ccccoovveeriniecercceeeee e 55
4.4.1. Disk diffusion Method ... 55
4.4.2. Viable cell count Method ..........ccooueivieinieincicee e 58
CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS........cooiiiiiieeneeniee 60
Q) CONCIUSIONS ....cveeiecteceeteee ettt ettt e st e s be e b et e sre et e sbeeaaesteessenbesanenns 60
D) RECOMMENALIONS .....ceeivieieiectecece ettt et sttt st aesreennens 61

6. REFERENGCES....... .ottt st st st et sbe e saeesane e 62
Appendix I: Materials used in this STUAY ........cocoririerieee e 80
Appendix I1: Data for mean film thiCKNESS .........ccooeeririeierieee e 82
Appendix I11: Raw data for the disk diffusion method ............cccoerieeriiceceneeece 83
Appendix IV; Raw data for the viable cell count method...........cccoevevevevieve e 84



LIST OF TABLES

Table 1: Chemicals used to prepare precursor SOIUtIONS...........cccevveveecieieeie s, 80
Table 2: Consumables used in the antibacterial susceptibility test. ...........cccccvvnenen. 81
Table 3: Mean film thickness for selected films. ........ccccoovviiiiine, 82

Table 4: Experimental results for the antibacterial activity evaluation of thin films.83
Table 5: INThe dark ... 84

Table 6: Under Visible light ... 84



LIST OF FIGURES

Figure 1: 'Crystal structures of primary polymorphs of TiO,, where (a) anatase, (b) rutile and
(€) BrooKIte' (12: P.333). .ocueeieriieieetertet ettt sttt eens 7
Figure 2. 'Variations in the rate of survival of copper-resistant E. coli on copper/titania
composite thin filMS' (19: P.8). cueceeieeeeceee e 10
Figure 3.'Schematic diagram of a photo-electrochemical cell, (1) n-type TiO; electrode, (2)
platinum black counter electrode, (3) ironically conducting separator, (4) gas burette, (5) load
resistance and (6) VOIIMELEr' (27 P.2).cveoueueieieieirierieseeee e 11
Figure 4. 'Glass cover on highway tunnel lighting fixtures darkened by automobile exhaust
without TiO2 and maintained clean with TiO2' (50: P.7). eeveeeeviiieeeeceeresee e 13
Figure 5. '"AFM images of stearic acid monolayer on TiO; film surface before and after UV-
Llight treatment” (19 P.7). .oeeererieierie ettt sttt st b st sbe et e sreeneens 14
Figure 6. ‘Photo-induced hydrophilicity and self-cleaning property of a TiOz-coated surface’
4T T ) OO 15
Figure 7. ‘Conventional tiles under UV light, water forms droplets that dry leaving behind dirt
dEPOSItS” (28: P.30). ettt b e sttt e she e st e sane e 15
Figure 8. ‘Photocatalytic tiles under UV light illumination’ (28: p.31)..cccccevevcerireeninnennes 16
Figure 9. ‘Practical use of the anti-fogging function in vehicle’ side mirrors; normal mirror
(left) and TiO2-coated mirror (right)” (19: P.13). cevevereieeieeeer e 17
Figure 10. ‘Photograph of a mouse after initial treatment (A), and 4 weeks after treatment (B)’
(21: p.14). Titania powder was inserted into tumour 1. Tumour 2 was never treated with TiOs,.
Both tumours were exposed under the same CoNditions. .........ccccveeevereevieniceecece e 19
Figure 11. ‘Change in band gap after doping TiO> with non-metal (a), UV-Vis absorption
profiles of TiO; after doped with C and/ or S (b)” (1: P.51). weeeieerierieieereeere e 20
Figure 12. ‘Schematic representative diagram of the operation of the TiO, band gap after doped

with a transition Metal (Ni27)” (1: P.54). woueeiereeieeeeereeeeeteteeeee et n e 22

Vi



Figure 13. ‘A plasmonic Z-scheme mechanism of TiO2/Ag/AgCl composite’ (1: p.56). ..... 23
Figure 14. ‘Schematic of charge transport and interfacial transfer in DSSCs’ (86: p.209). .. 24
Figure 15. ‘Majolica dish. “Pico, Circe e Canente” painted by Xanto Avelli da Urbino and
lustred by Mastro Giorgio Andreoli; by courtesy of Museo Civico — Palazzo dei Consoli,
GUDDIO” (881 PeS17). ettt sttt ettt s r e et e e 26
Figure 16. ‘Flowchart of citrate® oxidation, silver ion reduction and nucleation of an Ag*
precursor by aqueous electrons, respectively’ (1: P.58)....eevierierieriiiieeeeeereenee e 27
Figure 17. ‘Stages of Ag-NPs fabrication’ (1: p.59)...ccceveriereeiinieenireeeneeeeeeee e 28
Figure 18. ‘Photocatalytic mechanism of bare TiO (hv1), Ag-doped TiO- (hv2) and non-metal
doped TiO2 (NV3)" (68: P.157). woueeeeeieirieisieesieeste sttt ae e st ssenens 35
Figure 19. Research design fIOWChart.............ccooiiieiiiieeccee e 36
Figure 20. Schematic representation of procedures for the preparation of the titania precursor
0] 11110 o PO OSSPSR 38
Figure 21. Schematic representation of procedures for the preparation of the silver precursor
0] L1110 o PRSP 39
Figure 22. 'Fabrication of thin films on quartz glass substrate using the spin coating system'
(22 P.L07) ettt et ettt st e te e be e be e teeta e beebe et e beeasebeebeenrenteareens 40

Figure 23. Photograph of the field emission scanning electron microscopy (FE-SEM) at

BIUST ettt ettt ettt aete et e Rt e et et et e et e e enenaenen 41
Figure 24. A photograph of a Sloan DEKTAS3 profilometer. .........ccocoeoieveiieeeveciece e 42
Figure 25. Photograph of the Perkin-Elmer Lambda 35 UV/Vis spectrophotometer. ........... 43

Figure 26. Antibacterial evaluation procedures of Ag-NPs/TiO; thin films (Viable Cell Count
T 1o | TSR 45
Figure 27. Photograph of a 0.4mmol/g TiO; (left) and 0.8mmol/g Ag-NPs (right) precursor
SONULIONS. ..ttt ettt a et 46
Figure 28. Photographs of fabricated thin films with different concentrations of Ag-NPs. .. 48
Figure 29. Wide-angle XRD patterns of the prepared thin films.........ccccccoveveriinininicnennn. 50

vii



Figure 30. FE-SEM images of (a) 10 mol% Ag, (b) 50 mol% Ag and (c) 90 mol% Ag films.

Figure 31. (a) Profilometric scan of a 60 mol% Ag thin film, (b) FE-SEM image of a 60 mol%
A TIIML ettt sttt eb e ne e 52
Figure 32. UV-Vis absorption spectra of (a) the a-TiO, and Ag-NPs, and (b) composite
photocatalyst thin FilMS. ........cooeeieecece et st 54
Figure 33. Photographs of zones of inhibition test results of selected thin films .................. 57
Figure 34. Mean zones of inhibition of films with different Ag-NPs against the zone of the
positive control. Means + standard errors of 3 replicates are presented. .........cccceeevveevevieenenne 57
Figure 35. Antibacterial activity evaluation of various thin films in the dark and under visible

light. Means =+ standard errors of 3 replicates are presented. .........coceceverererereeeeenencneennes 59

viii



CONFERENCE PROCEEDING

Moses Tuhafeni Joseph, 2018, Antibacterial activities of silver-nanoparticles/titania
composite thin films fabricated by the Molecular Precursor Method (MPM). 6%

Annual Science Research Conference, 14 — 15 November 2018, Windhoek, Namibia



LIST OF ABBREVIATIONS AND/OR ACRONYMS

AgNOs3
Ag-NPs
Ag-NPs/TiO2
BuzNH

CB

CN-
CVvD

DSSCs

e /h*

E. coli
EDTA
EtOH
eV
FE-SEM
HOMO
LSPR
LUMO
MeOH
MPM
PVC

PVD

Silver nitrate

Silver nanoparticles

Silver nanoparticles/titania composite
Dibutylamine

Conduction band

Cyano radical
Chemical Vapour deposition

Dye Sensitized Solar Cells

Electron-hole pair

Electron

Escherichia coli
Ethylenediamine-N,N,N’,N -tetraacetic acid
Ethanol

Electron volt

Field emission scanning electron microscopy
Highest occupied molecular orbital
Localized Surface Plasmon Resonance
Lowest occupied molecular orbital
Methanol

Molecular Precursor Method

Polyvinyl chloride

Physical Vapour Deposition



ROS
Sag
Scomposite
SPR

Si
TEM
TFTC
Ti (O'Pr)s
TiO2
TMTC
uv

VB

Vis

VLA

Reactive Oxygen Species

Silver precursor solution

Silver: titania composite precursor solution
Surface Plasmon Resonance
Titania precursor solution
Transmission electron microscopy
Too few to count

Titanium isopropoxide

Titania

Too many to count

Ultraviolet

Valence band

Visible light

Visible light active

Xi



ACKNOWLEDGEMENTS

Glory be to the Lord, Jesus Christ for his continual wave of strength upon me, the
wisdom and creativity he blessed me with prior, during and after writing this precious
piece of work. | would like to extend my heartfelt gratitude to my supervisors and
mentors, Dr. Daniel Likius and Prof. Marius Hedimbi for their genuine guidance and
mentorship which they have accorded me with throughout my studies. | wish to further
extend my sincere gratitude to the federal republic of Germany for having supported
my research project by means of placing resources at my disposal, through the German
Academic Exchange Services (DAAD). This research work would not have been
possible without your financial contribution. Forever, | shall remain indebted to
DAAD for their generosity. A great thank you to the Ministry of Mines and Energy,
and in particularly to Ms. Martha Amputu for always having allowed me to use their
facilities for my research. Equally, | wish to express my profound thankfulness to my
close friend, Nande Nghilalulwa, for always fueling me up with words of

encouragement since day one of the commencement of this work.

Xii



DEDICATION

When the world closed its doors on me, you both opened your arms for me. When
people shut their ears for me, you both opened your hearts for me. In light of the
foregoing, | hereby wholeheartedly dedicate this work to both of my mothers; mamma

Flolian Hamalwa and mama Maria Ekongo. Thank you for always being there for me.

Xiii



DECLARATIONS

I, Moses Tuhafeni Joseph, hereby declare that this study is my own work and
is a true reflection of my research, and that this work, or any part thereof has not been
submitted for a degree at any other institution.

No part of this thesis may be reproduced, stored in any retrieval system, or
transmitted in any form, or by means (e.g. electronic, mechanical, photocopying,
recording or otherwise) without the prior permission of the author, or The University
of Namibia in that behalf.

I, Moses Tuhafeni Joseph, grant The University of Namibia the right to
reproduce this thesis in whole or in part, in any manner or format, which The

University of Namibia may deem fit.

Name of student Signature Date

Xiv



CHAPTER 1: INTRODUCTION

1.1. Background of the study

Titanium dioxide has (TiO) increasingly attracted considerable attention in research
due to its excellent photocatalytic property (1) and subsequent photo-induced
antibacterial activity (2-4). TiO2 is one of the few most effective photocatalysts that is
presently in use because of its strong oxidizing ability, stability, low cost and non-
toxicity property (4). When TiOz is illuminated with UV light, it exhibits robust
antibacterial activity (5). The photo-generated holes (h*) and electrons (e) react with
atmospheric water and oxygen, respectively, to yield some reactive oxygen species
(ROS) such as superoxide anions (O2’), hydrogen peroxide (H202) and hydroxyl
radicals (-OH) (6), which are strong and unselective oxidizing agents for the
degradation of a wide range of organic matters including bacteria. Thus, TiO»-
incorporated materials are able to kill bacteria under UV irradiation. Neat TiO> has
been extensively reported to only absorb in the UV region (3,7-11). However, UV
light accounts for only 4 — 6% of the total solar energy, which is inadequate for
photocatalysis (low quantum vyield) (1). While the solar spectrum constitutes about

40% of visible light (12).

In an effort to maximally harness as much energy of the solar spectrum as possible,
numerous efforts have been invested on research in shifting the excitation wavelength
of TiO2 into the visible region (13). This does not only result in enhanced
photocatalytic activity of the material but it also improves the inherent photo-induced
bacterial killing ability of the material (14). One of the approaches for achieving this,
is by introducing foreign species such as: noble metal nanoparticles into the titania

matrix (1,15,16). In this study, titania was doped with Ag nanoparticles, and thin films



of the resultant composite solution were prepared on quartz glass substrates. Their

optical property and subsequent antibacterial activity were investigated.

1.2. Statement of the problem

Antibacterial activity of Ag/TiO> composite films fabricated by the Molecular
Precursor Method (MPM) has not been reported in the literature yet, though the
bactericidal effect of Ag/TiO> composite films prepared using different synthetic
methods other than the MPM has been widely reported (2-9). Although Ag/TiO> thin
films containing up to 80 molar % of Ag nanoparticles suspended in TiO2 matrixes
were successfully fabricated using the MPM in previous studies (1,17), their
antibacterial properties have not yet been reported. Therefore, in this research, silver-
nanoparticles/titania (Ag-NPs/TiO.) composite thin films were synthesized and their
antibacterial activities were investigated against Escherichia coli as a model for gram-

negative bacteria.

1.3. Objectives of the study

(a) To fabricate Ag-NP/TiO2 composite thin films with different Ag-NPs molar
concentrations using the MPM.

(b) To study the surface morphology, chemical compositions, film thickness and
optical properties of the fabricated thin films.

(c) To investigate and compare the antibacterial activities of the fabricated thin

films on E. coli.



1.4. Significance of study
This study, for the first time, provides information on unexplored antibacterial activity
of Ag-NPs/TiO2 composite thin films fabricated by the MPM which has also laid a

foundation for understanding the antibacterial activities of Ag-NPs/TiOz films

synthesized using the MPM.



CHAPTER 2: LITERATURE REVIEW

2.1. Overview

Nanotechnology involves the study and manipulation of extremely small objects of
size < 100 nm that could be used as building blocks for a material whose bulk
properties are different from the properties of each of its component (1,2). There are
currently high hopes amongst experts in the field of material science that the discipline
of nanotechnology has the potential to lead to the development of new compounds that
could be utilized towards the betterment of people’s lives. As a result, researchers have
been working on developing both nanostructured inorganic and organic antibacterial
agents. Although, both inorganic and organic antibacterial materials have been used in
the past for disinfection applications (10), scientists are more attracted to work with
inorganic compounds because of the vast benefits they offer over the organic

compounds (7).

Silver (Ag) is one of the inorganic elements that have long been accepted as an
effective antibacterial agent owing to its low toxicity-property in living cells and it is
known to show diverse in vitro and in vivo applications (8). In fact, literature has it
that Ag has been used during the ancient times for prevention of infections, handling
and cleaning of burns, catheter, trauma and dental amalgam for thousands of years
(4,13). Previous studies have shown that both silver ions and silver nanoparticles (Ag-
NPS) exhibit antibacterial activity (2,4,11,18-20). Titanium dioxide (TiO) also called
titanium (IV) oxide or titania has increasingly attracted attention in research due to its
excellent photocatalytic (1,11,13,14,20-25) and photo-induced antibacterial activity

(15,26).



Titania is one of the few most effective photocatalysts that is presently in use because
of its strong oxidizing ability, stability, low cost and non-toxicity property (7).
Substantial research on TiO2 semiconductors is currently underway because of the
wide range of possible applications linked with the material. Research by Fujishima
and Honda (27) has shown how TiO; as a semiconductor could split water into
hydrogen (H2) and oxygen (Oz) in a photo-electrochemical cell (5,27-29).
Furthermore, their work triggered a scientific research revolution on semiconductors,
which in the year 1977 led to Frank and Bard having further demonstrated the unique
properties of titanium dioxide for environmental remediation through the reduction of
Cyano (CN) in water (30). In a different study by Alfonso, 1998 (31), it was
demonstrated how TiO2 photocatalyst was used in the purification of polluted water.
After O’Regan and Gratzel’s paper on the Dye Sensitized Solar Cells (DSSCs) was
published in the 1990’s (32), titania emerged as one of the most researched
semiconductor materials in the world, as evidenced by the escalation in the number of

publications since then.

Although many past studies on titania had focused on the material’s responsiveness to
UV-light, the study of titania with respect to visible-light-responsiveness and the
incorporation of Ag-NPs in the titania matrix has gained momentum in recent years;
as it has shown potential industrial applications in not only solar energy production
(21,22,29), decontamination (2,4,7,11,13-15,18,19,23,25), but also in the

development of self-cleaning materials (5,18,33) and antifogging materials (5,21,28).



Titania is n-type semiconductor with a proven wide band gab which enables it to
respond only to ultraviolet light (photon of light < 400 nm), thereby limiting its
practical applications under the visible light region (400 nm-700 nm) (34). Therefore,
in order to exploit TiO> to its full potential, it is essential to reduce the band gab size
by doping it with impurities such as, silver (Ag) (2), nitrogen (N) (15,35,36), carbon
(C) (37,38), sulfur (S) (16) and by incorporating dye into the titania matrix to facilitate
visible light absorption. Although a number of studies have been carried out on TiO>
doped with components mentioned herein above under UV light illumination, the solar
spectrum only consists of about 4-6% of UV-light, which is not adequate for efficient
photocatalysis (2). Thus, one of the objectives of this study was to develop visible-
light-responsive antibacterial Ag-NPs/TiO. photocatalysts by shifting the threshold of
the photo-response of titanium dioxide into the visible light region through doping

TiO2 with Ag nanoparticles.

2.2. Crystal structure and properties of naturally occurring
polymorphs of titanium dioxide

TiOz exists in three main phases: anatase, rutile, of which each assumes a tetragonal
crystal system, and brookite, which appears orthorhombic (21). The structures of these
phases can be understood in terms of (TiO,%) octahedral. The three crystal structures
differ by the distortion and linkage of the octahedral chains. Anatase can be regarded
to be built-up from octahedral that are connected by their vertices, in rutile, the edges
are connected, and in brookite, both vertices and edges are joined (21,39).
Experimental data indicate that rutile is the most stable phase at all temperatures and

pressures, followed by the anatase phase and ultimately the brookite phase (40)



Figure 1 shows the crystalline structures of the three main polymorphs of titania as

cited by Pelaez et al. (22).
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Figure 1: 'Crystal structures of primary polymorphs of TiO2, where (a) anatase, (b)
rutile and (c) brookite' (12: p.333).

The chemical and physical properties of TiO2 such as; high stability, non-toxicity and
low-cost make it an attractive photocatalyst (41). Titanium dioxide does not absorb
visible light, thus, it has a white color (19). It is this property that makes it possible for
titania powders to be used as white pigments during the olden times (19,20). TiO2 is
chemically stable only in the dark, it however, absorbs in the ultraviolet region (< 400
nm) which induces some chemical reactions (8). Such activity (reactions) can be
justified from observations made during the ancient times. Among them was the
peeling of paints from the walls, and the dilapidation of fabrics integrated with titania

upon continuous exposure to UV-light (42)

There have been studies reported on photo-reactivity of titania as of the early 20"
century. For instance, in 1938, there was a paper by Doodeve and Kitchener on the

7



utilization of TiO> for photo-bleaching of dyes both in vacua and in the presence of
oxygen as cited by Hashimoto et al. (19). As conveyed in the report, it was observed
that active oxygen species including; superoxide anion (O2) and hydroxyl radical
(‘OH) are produced on the surface of titania upon UV illumination (28,43), which
subsequently result in the photo-bleaching of dyes. It is also worth noting that the
authors of this paper under discussion were certain that there was no alteration in TiO>
throughout the photoreaction in spite of them having used the terminology
photosensitizer in their article instead of the term “photocatalyst”, stated Hashimoto et
al. (28).

In Japan, the utilization of the photochemical power of TiO2 to induce chemical
reactions actively has long been realized. In 1956, there were sequences of reports by
Serpone et al.(43), in particular, a paper titled “Auto-oxidation by TiO, powders into
different organic solvents”, which they exposed to UV irradiation by using mercury
(Hg) lamp. Auto-oxidation of solvents and formation of hydrogen peroxide (H202)
under ambient conditions were observed. Their report indicates that after a series of
experiments they observed that the titania powder in the form of anatase exhibited
relatively high auto-oxidation activity than the titania powder in rutile form. However,
during that era the photocatalytic power of TiO2> might not had attracted the full
attention of scientists and, hence, there was no significant development of TiO>

photocatalysis reported at that time, both in academic and industrial society.

The photo-induced bactericidal and detoxification effects of titania was first reported
by Matsunaga et al. as cited by Akhavan and Ghaderi (9). Titanium dioxide
photocatalysis can be used to kill and remove bacteria, for this reason, self-sterilizing

surfaces such as; thin films can be prepared. The UV illumination of intensity,



1mW/cm? on the TiO, surface could absolutely bring about the disappearance of E.
coli cells from the surface in about 7 days. The complete killing and removal of
bacterial cells can be realized in a very short irradiation time, depending on the
intensity of the incident rays (44). The intensity of a usual indoor UV light is, however,
way too weak than the outdoor one. Thus; the photo-killing of bacterial cells under

indoor settings would take much longer than under outdoor conditions.

The doping of TiO2 photocatalysts with noble metals improves not only the
photocatalytic property but also the antibacterial killing function of the materials even
under weak UV light exposure from a fluorescent light bulb. Figure 2 indicates levels
of survival of copper resistant E. coli cells inoculated on a Cu/TiO2 composite thin
film. Results from this figure show that after several hours of incubation in the dark,
only a very small and negligible number of E. coli cells were eliminated from the film.
On the other hand, the rate of survival of cells begun to drop significantly with increase
in the duration of illumination when the film was irradiated with weak, yet enough UV
light. This reveals the photo-induced antibacterial activity of TiO2/metal-doped
surfaces under weak UV irradiation supplied by a fluorescent lamp in an indoor setting

as cited by Guo et al. (45).
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Figure 2. 'Variations in the rate of survival of copper-resistant E. coli on copper/titania

composite thin films' (19: p.8).

Similar work was reported in the year 1997 and 1998 (46,47). The self-sterilizing
effect of TiO> was demonstrated in a case of food poisoning from E. coli in western
Japan in 1996. It was reported that there was a severe outbreak, in which nearly 2000
people were hospitalized and 12 fatalities recorded. It was found that the poisoning
was caused by the O-157 endotoxin of E. coli. In an attempt to mitigate the outbreak,
Kikuchi et al. (46) employed TiO2 photocatalysis examination as a mean of
decomposing this lethal toxin. It was noted that the material (TiO2) was able to
deactivate and remove the toxin. Moreover, their method is comparable to the rest of

the techniques that have been developed for this purpose (47).

Although, the photo activity of titania was reported as far back as the 20" century,
studies on the investigation of the photo-activity of TiO2 incorporated materials for
various purposes only began picking up rapidly after a breakthrough research by
Honda and Fujishima (27) was published in Nature in 1972. Hydrogen (H2) is
considered as an ideal fuel for the future. Thus, in an effort to work towards solving
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the issue of energy-shortage in the world, the duo started investigating the
photocatalysis of water in 1969 by using a single crystal n-type TiO2, rutile
semiconductor electrode and a platinum black counter electrode to split water into H»
and Oz. The driving force behind their research was the scarcity of crude oil in those
days, which resulted in the sky-rocketing of oil prices. Hence, according to Hashimoto
et al. (28), this period became known as the ‘time of oil crisis’. Given the situation,
their report managed to attract the attention not only of electrochemists but also of
many other researchers in related areas. Thereafter, a number of related papers were
widely reported (28). Below is figure 3, which demonstrates the Honda-Fujishima

effect.

Figure 3.'Schematic diagram of a photo-electrochemical cell, (1) n-type TiO2
electrode, (2) platinum black counter electrode, (3) ironically conducting separator, (4)

gas burette, (5) load resistance and (6) voltmeter' (27: p.2).

One of the nano-functions that have widely been explored in the construction industry
is undoubtedly the photocatalytic self-cleaning effect, with Japan taking the lead in
this industry (28). There are a number of buildings of different sizes in many mega

cities around the world that employ this function. The major effect that this has is that;
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it significantly reduces the degree of dirt adhesion on surfaces as opposed to the

common assumption that; a surface needs not be cleaned at all.

It is important to note, that the self-cleaning effect only helps to considerably extend
the intervals between cleaning cycles which implies that fewer detergents are needed.
This yields less negative impacts on the environment, and also cuts on consumables’
cost. All in all, photo-induced self-cleaning requires low maintenance and it is a
trouble-free solution. For the photocatalytic self-cleaning to be realized, UV light,
oxygen and air humidity are required. The amount of UV light that is present in normal
daylight alone is enough to bring about a photocatalytic reaction. Following UV
illumination, the organic dirt on the surface of TiO2 begins to decompose with the help

of anatase TiO, as a catalyst.

The photo-induced self-cleaning effect of TiO2-coated materials was first reported in
1992 by Hashimoto et al. (28). Two years later, the Japanese tiles producer, Toto Ltd,
in collaboration with the research team of the University of Tokyo developed and
launched photocatalytic tiles on the market. Today, these tiles are widely marketed not
only in Japan, but also in other different countries by licensed distributors. After the
successful manufacturing of the self-cleaning tiles, many other commercial products
were developed using this effect, such as; the self-cleaning cover-glass for tunnel
lights, and window blinds Hashimoto et al. (28). A typical application of the light-
cleaning example is the use of sodium lamps in most tunnels as sources of light in

Japan.
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There, however, had been a concern with the constant reduction of light intensity in
tunnels, resulting in dark and consequently poor visibility in tunnels. The situation had
forced researchers to investigate the issue and after close examination, it was found
that the decrease in light intensity was due to vehicles ‘exhaust fumes that form films
on the cover-glass of tunnel lights. During these investigations, it was noted that the
high pressure sodium light bulbs also emit UV light at a position of its cover-glass.
The released UV light is adequate to prompt complete photo-degradation of these
exhaust compounds without the aid of any external UV light sources in order to keep
the cover-glass clean when it is coated with TiO2 photocatalysts (45). Figure 4 below

demonstrates the self-cleaning property of TiO,-coated glass tunnel covers.

Figure 4. 'Glass cover on highway tunnel lighting fixtures darkened by automobile

exhaust without TiO2 and maintained clean with TiO2' (50: p.7).

Another scenario that demonstrates the photo-decomposition effect of organic
pollutants on TiO2 surface is one reported by Minabe and his team (48) and by Zaleska
(49). Here, a highly packed stearic acid prepared on a titania rutile single crystal was
exposed to UV light at an interval of 5 minutes for 20 minutes. It was observed that

there had been an increasingly formation of indentations in the surface of the film. And
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with further UV irradiation, the pits merged thereby forming a mosaic which
eventually vanished as the reaction proceeded. This suggests the complete
decomposition of stearic acid by TiO> to carbon dioxide. Figure 5 below shows
morphological changes in the structure of the film under UV illumination over a period

of time.

before irradiation Smin

20min

Figure 5. 'AFM images of stearic acid monolayer on TiO> film surface before and after
UV-light treatment’ (19: p.7).

Another interesting and worth discussing property of TiO»-coated surfaces is the
photo-induced hydrophilicity. This property was accidently discovered by Hashimoto
et al. (28) in 1995 when they were studying the unique concept of light-cleaning TiO»-
coated materials under weak UV illumination in 1990s. Since then, the application
range of TiO- coatings has expanded greatly, from exterior tiles to facade glass, tents,
aluminum walls and PVC fabric. According to Hashimoto et al. (28), “the surface
wettability is assessed by measuring the water contact angle (CA) which is described
as the angle between the solid surface and the tangent line of the liquid phase at the

interface of the solid-liquid-gas phase”.

When a TiO»-coated surface is irradiated with UV light such as the one present in
Sunlight, organic dirt and grime is broken down and decomposed. Moreover, the

material becomes hydrophilic (water-attracting) due to its increased surface energy,
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and when exposed to; for example rainwater, it spreads to form a film on TiO> surface
rather than droplets. Thereby washing away loose dirt and results in a clean surface as

depicted in figure 6 below.

Figure 6. ‘Photo-induced hydrophilicity and self-cleaning property of a TiO,-coated
surface’ (28: p.19).

Specific and practical examples of the photo-induced hydrophilicity of surfaces coated
with TiO2 is the development of photocatalytic building materials such as; exterior
tiles (figure 6 and 7), glass, aluminum walls, and PVC fabric. In 2005 the first
photocatalytic glass was installed in the terminal building of Chubu international

Airport in Japan (28).

Conventional tile with dirt deposits
after water droplets dried out.

Water droplets on a conventional tile

Figure 7. ‘Conventional tiles under UV light, water forms droplets that dry leaving
behind dirt deposits’ (28: p.30).

15



Wet photocatalytic tile — water forms a film that Clean and dry photocatalytic tile
runs off taking any loose dirt deposits with it. .

Figure 8. ‘Photocatalytic tiles under UV light illumination’ (28: p.31).

In addition to the photocatalytic self-cleaning property of TiO>, there exists another
function associated with the photo-induced hydrophilicity property of the material.
This function is the ‘anti-fogging’ ability of the TiO2-coated surfaces. Hashimoto et
al. (28) claim that fog takes place on mirror and glass surfaces when water vapors on
these surfaces condense to give rise to numerous water droplets. He argues that fog
does not form on a highly hydrophilic surface such as that of TiO3, instead, an even
thin film of water forms thereby inhibiting the formation of fog. After the surface
becomes highly hydrophilic, it remains as such for a long period of time. As a result,
the anti-fogging function could be integrated into different glass products, i.e. from
automobile side-view mirrors to fagade glasses. This technology has already been
adopted by the Japanese automobile manufacturing companies as illustrated in figure

9.
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Figure 9. ‘Practical use of the anti-fogging function in vehicle’ side mirrors; normal

mirror (left) and TiO2-coated mirror (right)’ (19: p.13).

Scientific reports on photocatalytic cancer treatments were reported as far back as the
mid-1980s. During that time, researchers tried taking advantage of the strong oxidizing
power of illuminated TiO> to kill cancer cells. A study by Fujishima et al. (5)
demonstrates how a polarized, irradiated titania film electrode, as well as an
illuminated titania colloidal suspension was used in the effective killing of HelLa cell
lines. After this research, a series of other related studies subjected to different
conditions followed (50-52), including the study in which according to Cai et al. (51),
the effect of superoxide dismutase was examined and it was found to enhance the

photo-killing of cancer cells, due to the production of peroxide.

Furthermore, Cai et al. (51) noted that the selective killing of a single tumor cell is
possible by utilizing a polarized, illuminated titania microelectrode. In another
experiment carried out in 1992, cancer cells were introduced into a mouse to induce
tumors to form. Following the formation of tumors, a fine-particle solution of TiO>
was injected into a mouse, subsequently; the affected parts of the mice were exposed
to irradiation. It was observed that the treatment successfully inhibited the growth of

tumors. Although, this technique was able to impede the growth of tumor cells, it
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however, was not effective in stopping a cancer that had developed beyond stage 1
(54). Therefore, in an effort to resolve this issue, a device was developed which enables
the cancer cells to be exposed to illumination while adding titanium dioxide powder
to the tumor. It was noted that this device required further refinement before it could
be brought into practical use (48). The medical applications of TiO2 in the past decades
do not only demonstrate how relevant this material is in the discipline of medicine, but
also reveal the need for further research in the field of photochemistry and catalysis.

Figure 10 shows the photograph of a mouse test of a photocatalytic cancer therapy.
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Figure 10. ‘Photograph of a mouse after initial treatment (A), and 4 weeks after
treatment (B)’ (21: p.14). Titania powder was inserted into tumour 1. Tumour 2 was

never treated with TiO.. Both tumours were exposed under the same conditions.

2.3. Development of visible light active (VLA) TiO2 photocatalysts

2.3.1. Non-metal doping of TiO2 photocatalysts

Ever since Sato demonstrated the incorporation of nitrogen into the titania matrix in
1986, which resulted in a visible-light-responsive material (53,54), there has been an
increase of scientific reports on non-metal doped-TiO2 photocatalysts such as; carbon
doped TiO2 (37,38), sulfur doped-TiO2 (16), and fluorinated co-doped-TiO> (55,56).

Nitrogen has an atomic size that is comparable to that of oxygen, it also has low energy

19



of ionization, and lastly it is highly stable. These properties enable nitrogen to be easily
integrated into the TiO> structure (57), as initially established by Sato (53), and
reaffirmed by Asahi et al.(58). They claimed that the introduction of nitride ions at the
oxygen site of titania reduces the band gap, thus, allowing it to absorb in the visible
region. Therefore, the nitrogen-substitutable doping has been adopted as a method to
narrow the band gap of photocatalysts by altering the valence band structure.
Nowadays, impurities such as; C, S, and F are also used as dopants to shift the energy
levels above the TiO parent valence band, consequently, allowing thin films to be
active to visible light (49), as illustrated in figure 11 bellow by Hamal et al. as cited

by Daniel et al. (1).
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Figure 11. ‘Change in band gap after doping TiO2 with non-metal (a), UV-Vis

absorption profiles of TiO: after doped with C and/ or S (b)’ (1: p.51).
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Although studies by Sato (53) and Asahi et al. (58) have claimed that the presence of
nitrogen in the TiO2 matrix is the one that reduces the band gap, which subsequently
results in the visible-light-responsiveness ability of the material, Ihara et al. (59)
proposed, that it is the creation of oxygen vacancies that brings about the sensitivity in
the material to respond to visible light instead, and that the nitrogen only increases the
stability of the oxygen vacancies. Furthermore, the role of oxygen vacancies in
enabling visible light sensitivity was also observed in plasma-treated TiO>
photocatalysts (1). The same effect of oxygen vacancies on visible light responsiveness
was for the third time confirmed by Irie et al. (60) in a separate study. According to
Daniel et al. (1), there is currently an agreement on the mechanism of nitrogen doped

photocatalysis as outlined by Nagai et al. (61).

2.3.2. Noble metal and transition metal doping of TiO2 photocatalysts

Another way of facilitating visible light-absorption ability of Titania semiconductors
IS to introduce transition metals or noble metals into TiO> framework. The
incorporation of transition and noble metals in TiO. systems has been proven to not
only enhance the photo activities of the emergent material but also increases the
antibacterial activity (11,62). However, it is noted that doping with transition metals
may also result in reduced quantum efficiency because they could serve as

electron/hole (e7/ h™) recombination sites.

Furthermore, the thermal instability observed in transition metal-doped TiO2 materials
is attributed to the presence of these metals (63). As reported by Kang (64), the

photocatalytic activity of transition metal-doped titania semiconductors has not
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significantly improved although a decline in the band gap energy has been reported by
many researchers. He suggested that, it is due to the fact that transition metals are not
incorporated into the TiO2 matrix but rather are adsorbed on the surface of titanium
dioxide, which shields reaction sites on TiO (64). Transition metals such as; Cu, Fe,
Co, Ni, Mn, Nb, W and Ru have been reported to have been used in the modification
of TiO2 photocatalysts (65-70). As a result of doping with transition metals, new
energy levels may form between the VB and the CB as demonstrated in figure 12
below, thereby triggering a shift in the excitation wavelength of TiO towards the

visible light region. Photo activities depend on the concentration nature of the metal

dopant.
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Figure 12. ‘Schematic representative diagram of the operation of the TiO2 band gap
after doped with a transition metal (Ni?*)’ (1: p.54).
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The integration of noble metals, namely; Ag, Pt, Pd and Au in the titania system
increases the photonic efficiency under visible light by serving as acceptor centers that
trap photo-generated e and also by promoting interfacial charge transfer, thereby
hindering e/h* pair recombination (71-74). Various studies have been reported in
support with statements made herein above, such as that of Sharma (75) et al. in which
he indicated that deposits of platinum on the surface of titania trap photo-generated
electrons, and consequently enhance the photo-induced electron transfer rate at the
interface. Seery et al. (76) and Daniel et al. (1) in separate studies have reported on
how Ag-NPs in TiOz contributed to the enhancement of the photo activities of the
photocatalyst under visible light. It was reported that the improved visible light
responsiveness of titania is ascribed to the Surface Plasmon Resonance (SPR) of Ag-

NPs (1,77) as shown in figure 13 below.
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Figure 13. ‘A plasmonic Z-scheme mechanism of TiO2/Ag/AgCl composite’ (1: p.56).
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2.3.3. Dye sensitization in TiO2 photocatalysts

The incorporation of various dye sensitizers such as; Ruthenium-based dyes, catechol,
phythalocyanines, porphyrins etc. in TiO2 systems have widely been explored and
regarded as one of the methods of shifting the titania photo-responsive ability towards
the visible light region (78-80) . A typical application of the dye sensitizers in
photocatalysis is the well-known ‘Gratzel solar cell (1991) or simply Dye Sensitized
Solar Cells (32) as illustrated in figure 14 below. In systems with sensitizer, a dye
absorbs visible light, consequently an e is excited from the highest occupied molecular
orbital (HOMO) to the lowest occupied molecular orbital (LUMO) of the dye. The
excited dye then injects electron into the TiO2 semiconductor. The injected electrons
are then rapidly transferred to the surface of the TiO,, where they are hunted by
reactive oxygen species for further reactions (81,82). Although different dye
sensitizers have been explored for this purpose, most of them are poisonous. In
addition, they may degrade themselves, leading to limitations in their usefulness for

the purpose of long-lasting applications in photocatalysis (2).

\ e
& s
. /—— D'/D*
> e

>
2
Q I
] hy )
5 / C.I 3
& 3
8 R A p/D*
w
FTO TiO2 Dye Redox Pt

Figure 14. ‘Schematic of charge transport and interfacial transfer in DSSCs’ (86:
p.209).
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2.4. Historical background of noble metal nanoparticles

An ancient documentation indicates that solutions of colloidal gold, silver and lead
oxides were used for decoration of pottery during the Renaissance period (83). For
instance, in Italy, a lustre technique which was first invented in Iraq during the 9%
century (84), was adopted in Italian peninsula by local potters as a mean for coating
their pottery with a thin metallic film containing silver, copper and other substances
(85), this coating gives their pottery beautiful iridescent reflections of various colors,
particularly, an intense golden-yellow and ruby-red color. The pottery-coloring
process, specifically the glass-coloring refinement was advanced by Andreas Cassius
and Johann Kunchel in the 17" century. The duo, contrived a precipitate of colloidal
gold and stannic hydroxide (purple of Cassius) into a base glass (85). It is significant
to point out that lustre, gold-ruby glasses, Lycurgus cup, and Maya blue are some of

the most ancient nanophase materials produced in the past (84,86).

Although, the lustre technique originated from Arabic countries, the Italian artisans,
i.e. the likes of Mastro Giorgio Andreoli da Gubbio (87,88) managed to build fame in
the pottery industry across Europe in the 15" century, because of his unique initiative
of optimizing the traditional lustre technique to yield much better results, which were
impossible to reproduce during his time. Today, his optimization recipe of the lustre
technique remains a mystery (84). As a result, many other potters used to send their
crafts to Giorgio for final touches. A typical example is of a most ancient nanophase
lustred material is the Majolica dish by Xanto Avalli da Urbino and Mastro Giorgio,
as shown in figure 15 below. Furthermore, Au and Ag nanoparticle solutions have
been used in medicine during the Middle Ages because they were believed to possess

curative powers for various diseases such as, venereal and heart problems, dysentery,
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epilepsy, tumors and also for diagnosis of syphilis. A procedure that had been

employed until the 20" century although, it is not completely reliable (85).

Figure 15. ‘Majolica dish. “Pico, Circe e Canente” painted by Xanto Avelli da Urbino
and lustred by Mastro Giorgio Andreoli; by courtesy of Museo Civico — Palazzo dei
Consoli, Gubbio’ (88: p.517).

Nonetheless, it is the work of Michael Faraday in the 1850s that marked the first ever
reported scientific study on metal nanoparticles (83). Since then, various chemical and
physical methods for the preparation of colloidal metal particles were reported until in
the 1951 when Turkevitch began fabricating Au-NPs using different methods and
employing transmission electron microscopic (TEM) investigations in an attempt to
improve the preparative conditions, which led to the development of the Turkevitch

method (89) that is still used today for gold nanoparticles synthesis.

The Lee-Meisel method (90) is a common technique used for the preparation of Ag-
NPs. It is different from the Turkevitch method in the sense that silver nitrate (AgNO:3)
is used as a metal source in the Lee-Meisel method. Nowadays, the synthesis of silver

nanoparticles is achieved by the reduction of AgNOs to neutral silver atoms in liquid

26



chemical methods (91). A typical example; is the use of microwave illumination to
thermally facilitate the decomposition of citrate ions in order to give rise to aqueous
electrons and citrate® oxidation products such as; acetone-1,3-dicarboxylate and CO,
as illustrated in figure 16 below (1,92). The citrate® oxidation mechanism for the
facilitation of nucleation of Ag* by irradiation as proposed by Park et al. (92) is
demonstrated in the flowchart below. Citrate has the ability to serve both as a reducing
and stabilizing agent. It is proposed that electrons are donated from citrate®> which
consequently results in the formation of Ag-NP seeds that function as catalysts for
further reduction of Ag* and for the decomposition of citrate*>. The transfer of

electrons from citrate* is attributed to the rapid reduction of Ag* to nanoparticle

clusters.

—_— N 4+ Qe (o) + f\go H*

b
Caaint)

Figure 16. ‘Flowchart of citrate> oxidation, silver ion reduction and nucleation of an

Ag" precursor by aqueous electrons, respectively’ (1: p.58).
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The solution becomes supersaturated as more and more silver atoms are formed. As a
result, silver slowly begins to precipitate in the form of sub-nanometer particles. The
silver atoms that are formed from this point tend to stick to the existing particles, and
if the solution is vigorously stirred, fairly uniform particles sizes will be formed. To
avoid nanoparticles from combining, a suitable stabilizing agent (in this case;
dibutylamine) is added to the solution which sticks to the surfaces of Ag-NPs.
Different organic ligands may be introduced into the silver-NPs solution to produce
organic-inorganic hybrids with advanced functionality. Moreover, as small clusters
aggregate, propagation is induced and a stabilizing agent is added to terminate the

process, as shown in figure 17 (1).
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Figure 17. ‘Stages of Ag-NPs fabrication’ (1: p.59).

2.5. Methods for the synthesis of Ag nanoparticles

After a global outcry on the use of toxic chemical products and processes that generate
environmental-threatening substances, there has since been a call to collectively stop
or minimize the generation of hazardous substances that end-up in our environments.
In an effort to answer to this call, a field of Green Chemistry was adopted in 1990s as
an area of study that looks at the development of environmentally friendly processes

(93). In light of the above, it is, therefore, empirical that the synthesis of silver
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nanoparticles (Ag-NPs) in our case be conducted based on the green chemistry
standpoints. According to green chemistry perspectives, the production of Ag-NPs
should involve three major steps, which are; (a) selection of solvent medium, (b)
selection of a reducing agent and (c) selection of nontoxic substances for Ag-NPs
stability. The three main green chemistry steps which are recommended for the

synthesis of Ag-NPs have been utilized in this study.

Although there are various synthetic methods of preparing Ag-NPs such as; physical
and wet chemical synthetic methods, chemical reduction in solution appears to be the
most preferred synthetic technique for the generation of Ag-NP colloids (94).
Literature has that the ancient methods of preparing solutions of very fine metal
particles are still used today as reference methods with which emergent synthetic
techniques are benchmarked (95). In particular, the Lee-Meisel method stands as the
most widely used technique for the preparation of Ag-NPs suspensions. However, this
method is associated with challenges in particle-size control, claims Creighton et al.

(96).

In order to take control of the particle size during the metal nanoparticles synthesis,
the Creighton method (96) could be adopted. This method has been proven to yield
smaller particles of narrow size distribution (< 10nm). Moreover, this very synthetic
technique, and of course depending on the reduction potential of the source ion, could
be used for the production of nanoparticles of metals such as; Ni, Pt, Cu, etc. Both, the
Lee-Meisel and Creighton method discussed above, involve the reduction of Ag ions

to metallic silver as well as the chemical or physical adsorption of ligands on the

29



surface of Ag-NPs in order to inhibit particle coagulation and precipitation, argues
Daniel et al. (1). The following section will discuss briefly how Ag-NPs are formed
through ion reduction, and how particle growth can be monitored using stabilizers and

appropriate solvents.

2.6. Reduction of silver ions to metallic silver

Amongst all metal-nanoparticles synthetic routes, the wet chemical method has been
used in this study as a synthetic technique for the preparation of Ag-NPs. Thus, it is
necessary that we comprehend the mechanism by which metallic silver is produced.
To synthesis Ag-NPs suspension, literature claims that one has to start off by, for
example, preparing a solution of silver nitrate (AgNO3), silver nitrate dissociates into

Ag* and NOs™ upon dissolution and exists as such in solution.

To convert silver ions into metallic silver, a reducing agent is used as an electron donor
that supplies an e to Ag ion thereby resulting in the production of neutral silver
solution. A typical example is one demonstrated by Pastoriza-Santos and Liz-Marzan
(97). The duo prepared silver nanoparticles by reducing silver ions with N, N-
dimethylformide in the presence of water (solvent) and a synthetic hybrid inorganic-
organic compound as a stabilizer. A stabilizer is described as a substrate, in most cases,
a donor ligand, or a surfactant or a polymer that serves as a protective agent that forms
a layer around forming metal-nanoparticles. This shell stabilizes particle growth and
subsequently inhibits agglomeration of particles. It also helps retain particles’ surface

properties (98).
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The effectiveness of a given stabilizer is linked with the characteristics of the solvent
to be used alongside. The solvent is pronounced to be appropriate if it allows the
stabilizer to protrude on the particle’ surface, and vice versa if the solvent makes the
stabilizer to fall off from the surface of the particle (99). Technically, the stabilizer
supposed to completely cover the surface of each particle in solution to avoid polymer-
polymer interpenetration. If, for example, two particles in solution are not fully
shielded by the stabilizer, they may cuddle together, resulting in a formation of a larger
particle whose length is outside the nanometer scale (98). The preparation of Ag-NPs,
alike requires a protective agent for stabilization and for precluding nanoparticle

coagulation. Therefore, dibutylamine has been used in this study as a stabilizer.

Another way of reducing silver ions to metallic silver and of controlling particle
growth is by using a suitable solvent. A solvent is chosen based on its polarity/non-
polarity properties and whether the solvent is falling under the protic or aprotic
category. The decision on the type of solvent to use is solely determined by the nature
of the particle-surfactant or polymer (100). For instance, if particles which are covered
with polar surfactants/polymers are prepared in the presence of a polar solvent such as
water, these polymers would pile together on the particles’ surface so as to reduce the
contact surface where polymers meet water. These kind of reactions yield large metal-
nanoparticles, which is not what we intend to achieve. To make the polymer spreads
away from the particle surface, a non-polar solvent such as ethanol, methanol or
ethylenglycol should be used. This study utilized ethanol as a solvent for the synthesis
of Ag-NPs. All in all, a successful production of metal-nanoparticles is indicated by
the ability to produce a solution that has a uniform particles distribution, and one that
is highly stable (101).
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2.7. Methods for fabrication of Ag/TiO: surfaces

Generally, the surface of a material defines its functions. In view of the foregoing,
coating different substrates with thin films could save resources than having to produce
the whole body with the functional material, suggests Nagai et al. (102). The
development of thin films with various thicknesses has not only attracted considerable
attention in research, but also in the industry. This is because thin coatings have a wide
range of practical applications, ranging from self-cleaning ability to photo-induced

bacterial killing ability.

There are various methods developed for the fabrication of thin films, including
physical techniques and chemical methods (103) . Amongst many thin films synthetic
methods, stand Physical Vapor Deposition (PVD) and Chemical Vapor Deposition
(CVD) as the most widely employed techniques in the fabrication of thin coatings
(102). CVD and the sol-gel methods are way more economical as compared to PVD
methods. Therefore, the former are commonly used (104,105). The subsequent section
2.7.1, discusses in detail the most adopted wet chemical method (sol-gel) for the
syntheses of metal-NPs/TiO> surfaces which has so far been extensively reported in
literature. It also highlights on the most recent developed method (MPM) of preparing

Ag-NPs/TiO2 composite thin films.

2.7.1. Sol-gel method

This synthetic route involves the use of metal/organic polymers to produce coatings
on ceramic and glass substrates (106-111). A typical sol-gel procedure starts off by
producing a solution composed of a metal alkoxide, acetylacetonate, carboxylate, as

well as some soluble inorganic compounds (112-114). Water and alcohols are used as
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additional starting materials for hydrolysis and for dissolution, respectively. In
addition, an acid or base is employed as a catalyst in this method. Hydrolysis and
polycondensation of metal compounds at ambient temperature yields a sol in which
colloidal particles or polymers are suspended without precipitation. An additional
reaction leads to a wet gel that contains water and solvents (alcohol). To dry the gel,
solvents are evaporated, thereby producing microstructures of inorganic composites,
glasses and ceramics, after the gel is treated at high temperature to eliminate organic

matters.

2.7.2. Molecular Precursor Method (MPM)

This is a novel wet chemical process that requires heat-treatment of samples to remove
organic ligands from metal compounds for the fabrication of thin films of crystallized
oxides or phosphates and which contain relatively high unprecedented amounts of
metal nanoparticles (17,61,115-122). Nagai et al.(102) had demonstrated the
significance of heat-treatment in the MPM. They reported that surfaces prepared by
the MPM have the potential to be developed into commercial products. Furthermore,
this method can be used to fabricate highly conductive Ag-NPs/TiO> composite thin
films and several other metal oxide films with up-to 80 mol% (1) of metal
nanoparticles in their matrixes which demonstrates its broad utility. Generally, this
method involves the engineering of metal complexes in coating solutions with

outstanding stability, homogeneity, miscibility and coatability.
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In the MPM, highly stable metal complex anions are dissolved in volat2ile solvents by
reacting them with suitable alkylamines. This results in precursor solutions that tend
to form excellent amorphous films, just like those formed by the sol-gel method.
According to Nagai et al. (102), the resultant crystal size of the oxide particles
produced by the MPM is smaller than those synthesized by the conventional sol-gel
method. The size of the crystallites generated from the MPM is ascribed to the
nucleation process of crystallized metal oxides. In a typical metal nanoparticle/titania
composite material synthesis, it is preferred that the crystallite size of metal particles
be smaller. For this and many other reasons herein above, the MPM has been adopted

in this study as a method of fabrication of Ag-NPs/TiO, composite thin films.

2.8. Mechanism of photo-activity of pure TiO,, Metal doped-TiO> and

Nonmetal-doped TiO>

A photocatalytic mechanism begins when TiO. absorbs a photon (hvi) with energy
equal to or more than that of the band gap of TiO2 (3.2 eV). An electron (e") is excited
from the valance band (VB) to the conduction band (CB) of the semiconductor, thereby
leaving a positive hole (h™) on the valence band. Electrons and holes can recombine to
release energy in the form of heat, or could get trapped in metastable surface states or
react with electron donors and acceptors which are adsorbed on the surface of TiOa,

these cause inadequate photocatalysis.

Trapped electrons and holes may react with atmospheric water and oxygen to form
some reactive oxygen species (ROS) such as hydroxyl radical (‘OH) and superoxide

anions (O2") as demonstrated in figure 18 below (41). These resultant reactive oxygen
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species could participate in further photocatalytic reactions, for instance, in the killing
of microorganisms. In visible light responsive Ag-NPs-doped TiO., the dispersion of
metal nanoparticles in the titania matrix produces a new energy level, hv; (figure 18)
in the band gap of TiO2 which facilitates visible light absorption by the material (49).
Doping of TiO2 with Ag-NPs does not only reduce the band gap of the semiconductor,
but also results in improved trapping of electrons which inhibits electron-hole
recombination during illumination. This is attributed to the creation of resonant surface

plasmon (SPR) of Ag (123,124).

e /H*

0,
-0,5V
H,0, <— 0,
OH*
OH
+2.7

OH’

Figure 18. ‘Photocatalytic mechanism of bare TiO2 (hvi), Ag-doped TiOz (hvz2) and
non-metal doped TiO2 (hvz)’ (68: p.157).
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CHAPTER 3: RESEARCH METHODS

This section will cover in detail the methodologies that were employed for thin films

fabrication and in studying their antibacterial activities.

3.1 Research design

This study was conducted in the order illustrated by the flowchart below.

Preparation of Fabrication of Ag-
coating precursor NPs/TiO, thin Thin films
solutions; Stj, Sag films on quartz characterization
and Scomposite glass substrates
— Antibacterial
Data analysis activity
investigations

Figure 19. Research design flowchart

3.2. Materials

Chemicals and glassware used in this research were purchased from Genmed Namibia,
quartz glass substrates and the spin coater were outsourced from Akishima Glass Co.,
Ltd in Japan. Thin film samples were sent out for various analyses except for UV/Vis
which was done in Namibia. Table 1 and Table 2 (appendix 1), show reagents and
materials that were used in the preparation of precursor solutions and in the

antibacterial susceptibility testing of thin films.
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3.3. Procedures

The procedures for the preparation of the two precursor solutions (Sti and Sag), the
composite solution and for the fabrication of thin films of various concentrations were

adopted from the work of Nagai et al. (102) as well as that of Daniel et al. (1,17).

3.3.1. Cleaning of quartz glass substrates

After the glass substrates were cut in pieces of 2.5cm x 2.5cm or 1.0cm x 1.0cm, a
substrate cleaning procedure developed by Daniel et al. (1) was adopted in this study
for the cleaning of supportive glass surfaces to ensure that they were free of any metal,
ionic contaminants as well as organic matters. Firstly, substrates were washed with a
solution of detergent and distilled water which was prepared in a ratio of 1:19. They
were then rinsed several times with deionized water. Following the preceding step, the
glass substrates were then placed in a 1000 ml beaker containing about 500 ml of
isopropanol. The beaker was then placed in an ultrasonic bath to eliminate organic and
inorganic impurities that could be adsorbed on the surfaces. The glass wavers were

then removed from the beaker and placed on a clean glass tray and dried at 70 °C.

3.3.2. Preparation of the Titania precursor solution (Si)

A highly stable solution of titania was produced by reacting the Ti** complex of EDTA
with dibutylamine in a mixture of ethanol and methanol which served as solvents. The
mixture was then heat-treated by refluxing under the fume hood. After refluxing, it
was cooled to room temperature, and hydrogen peroxide was added. The solution was
refluxed further allowed to cool down to room temperature. Figure 20 below
summarises briefly the specific amounts of reagents and procedures involved in the

synthesis of the titania precursor solution.
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(a) EtOH (10g)+MeOH (10g)

(b) 3.56g EDTA

(c) 3.58g Dibutylamine
(2) 1.562 30%H,0,

(d) The solution was then cooled to r.t. after
refluxing for 2 hours.

(€)3.47g Ti(OPr),

(f) Solution cooled to r.t. afterrefluxing for
4.5 hours.

Figure 20. Schematic representation of procedures for the preparation of the titania

precursor solution.

3.3.3. Preparation of the silver precursor solution (Sag)

Prior to the preparation of the silver solution, the light in the room was minimized by
switching off some of the light sources and the solution was then prepared in an Amber
glass bottle (brown in colour) to prevent silver acetate from decomposing when
exposed to ambient light in the presence of ethanol (125). Thereafter, the solution was
utilized immediately after it was prepared. The procedures on how the Sag was

prepared are outlined in figure 21 below.
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(a) 1.0g of EtOH (99.9%)

(b) 0.24g AgAc

(¢) 0.56¢ BusNH

(d) The solution was then
sonicated for 5 min while stirring.

Figure 21. Schematic representation of procedures for the preparation of the silver

precursor solution.

3.3.4. Preparation of Ag-NPs/ Titania composite precursor solutions and thin
films

The Ag-NPs/TiO2 composite solutions of various concentrations were prepared, for
example, for 50% Ag; a 1.0g of silver solution was added to 2.0g of titania solution,
depending on the required concentration of Ag in the final composite solution.
Following mixing, the composite solution is sonicated with stirring for 5 min for
achieving maximum homogeneity. The Ag-NPs/TiO> composite thin films were
fabricated by pipetting a 100l or 1.0 ml of the composite solution on a1.0 m? or 6.25
m? glass substrate, respectively. The substrate was then coated by spinning using a
spin coater that is set to a double step mode. The first step runs at 500 rpm for 5 seconds

and the second step runs at 2000 rpm for a period of 30 minutes. Immediately after
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coating, the coated glass waver was heat-treated at 600 °C for 30 min. These
procedures were repeated for every substrate of a distinctive concentration. Figure 22

below summarizes these procedures.

Micro-pipette

lass substrate

Sonicated with

stirring for 5 min_

Spin coater instrument. Kyowarikeni
S/N. 01574

Substrate coated with a thin
film

Calcination at 600 °C

<

for 30 min._

Figure 22. 'Fabrication of thin films on quartz glass substrate using the spin coating

system' (2: p.107).
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3.3.5. Thin film characterization

Thin films used in this study were characterized as follow; phase formation and
crystalline structures of films were determined by X-ray diffraction (XRD) at
Botswana International University of Science and Technology (BIUST), Palapye,
Botswana. An X-ray diffractometer (MXP-18 AHF22, Bruker AXS) with Cu-Ka rays
generated at 45 kV and 300 mA, and which has a parallel beam optic with an incident
angle of 0.3° was used in this study for phase identification and crystalline properties

investigations.

The scanning electron microscopy (SEM) was chosen to be the characterization
technique for the assessment of the surface morphology of thin films because SEM,
unlike light microscope, allows a large amount of the substrate surface to be focused
and observed at once (17). Top view and the cross-sectional images of the resultant
films were taken using an S-4200, Hitachi field emission scanning electron microscope
at an accelerating voltage of 5.00 keV. The cross-section of the thin films was coated
with gold colloids through sputtering to enhance conductivity of the films. This was

also conducted at Botswana International University of Science and Technology.

Figure 23. Photograph of the field emission scanning electron microscopy (FE-SEM)
at BIUST.
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The most used tool for a thin film thickness measurement is the stylus profilometer
(126). In this study, a Sloan DEKTAZ profilometer was employed. In order to traverse
the breadth of a 15 mm x 25 mm film, the travel length was set to 25 mm to ensure
that both sides of the height of the film were accounted for. Below is a photograph of

the profilometer instrument (figure 24).

Figure 24. A photograph of a Sloan DEKTAS3 profilometer.

The optical absorptions of the films were obtained by using a Perkin-Elmer Lambda
35 UV/Vis spectrophotometer in the wavelength range of 200 nm — 800 nm, using the
double beam mode. Detailed procedures are found in a paper by Daniel et al. (17).
Figure 25 shows the photograph of the UV/Vis spectrophotometer that was used in our

lab for the study of the optical properties of the fabricated thin films.
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Figure 25. Photograph of the Perkin-Elmer Lambda 35 UV/Vis spectrophotometer.

3.3.6. Antibacterial activity evaluation
The antibacterial activity of representative thin film glass substrates against E-coli
(ATCC 25922) was determined by two different methods; (a) Disk Diffusion Method

(127) and the (b) Viable Cell Count Method (9).
a) Disk Diffusion Method

Prior to the antibacterial experimentations, all glassware and substrates were sterilized
in an autoclave at 121 °C for 15 min. For the zone of inhibition test, about 25 ml of the
liquid Mueller-Hinton Agar was poured onto disposable sterilized Petri dishes and
allowed to solidify. Then 100 pl of the E. coli culture containing approximately 1x108
CFU/ml, which was adjusted to the 0.5 McFarland standard prepared using protocols
by Lalitha (127) was pipetted onto the agar and spread uniformly using a sterilized
spreading rod. Thin film samples of concentrations ranging from 10 mol% Ag — 100
mol% Ag ware gently placed over the inoculated agar gel. Plates were then incubated
with illumination or in the dark at 37 °C for 24 h and the antagonistic activity was
depicted by a clear zone of inhibition around the coated substrate. Zones were

measured to the nearest whole millimetre, using a ruler. Uncoated glass wavers were
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also tested for antibacterial activity as negative controls. The standard antibiotic

gentamicin (50pg/ml) was used as a positive control.

b) Viable Cell Count Method

To evaluate the antibacterial activity of thin films, representative films were
investigated both in the dark and under visible light supplied by a fluorescent lamp, 60
W. The light intensity on the films’ surface was 1.2x10% lux. Each representative film
(area = 6.25 cm?) was placed in a sterilized Petri dish, then 1000 pl of the E. coli
culture of 1/1000000 (1x10°® cells/ml) dilution factor was pipetted drop-wise onto the
coated surface of each film. The Petri dish was sealed and illuminated with visible
light. The illumination density was recorded using a light meter Pro application. The
irradiation distance between films ‘surface and the lamp was 12 cm, films were light-
treated for a period of 3h. To measure the activity in the dark, the experiment was

carried out under similar conditions but without illumination.

For easy and correct counting of survival E. coli cells, the bacterial containing drops
from the surface of each film were washed off by using 9 ml of sterile tryptic soy broth
in sterilized Petri dishes. Then a 100ul of each bacterial suspension was dispersed on
the plate count agar. The plates were then incubated at 37 °C for 24 hr. The number of
surviving E. coli colonies on every Petri dish per film concentration was counted using
a colony counter. The counts on three plates corresponding to a particular sample were
averaged. The very same procedures were employed for the blank glass control. Figure
26 below summarizes the antibacterial evaluation procedures of thin films by the

viable cell count method.
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Figure 26. Antibacterial evaluation procedures of Ag-NPs/TiO> thin films (Viable

Cell Count Method).
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CHAPTER 4: RESULTS AND DISCUSSIONS

4.1. Synthesized precursor solutions

A stable coating solution of titania with an intense orange-red colour was prepared.
According to Nagai and Sato as cited by Daniel et al. (1), this colour is ascribed to the
Ti** complex coordinated with the H,EDTA? and the peroxo ligand. It is these very
ligands that enhance the stability of the titania solution, as reported by Nagai and Sato
(102). Structural analysis of the EDTA complex formed in the solution reveals that the
coordination nature of EDTA ligand in the complex ion is 5 which results in a
precursor complex having not only a high stability but also an excellent homogeneity,
miscibility and coatability. These properties allow the titania solution to be stored for

a long period of time and utilized when needs be.

The silver precursor solution was immediately used after it was prepared to avoid
decomposition of silver acetate upon exposure to ambient light in the presence of
ethanol (125). The two solutions were mixed at different molar concentrations to
fabricate films with various concentrations of Ag-NPs in the titania matrix.

Photographs of the two resultant precursor solutions are shown below in figure 27.

Figure 27. Photograph of a 0.4mmol/g TiO> (left) and 0.8mmol/g Ag-NPs (right)

precursor solutions.
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4.2. Fabricated thin films

Optically transparent to opaque, crack-free and reproducible films of bare TiO2 and
Ag as well as composite films of Ag-NPs/TiO> of various molar concentrations were
fabricated on 1cm? or 3.25cm? quartz glass substrates. The molar concentration of
silver nanoparticles content in the composite films varied from 10 mol% - 90 mol%.
The relation between the physical appearances of the composite films with respect to
their colour with the Ag-NPs content in the TiO2 matrix is that the colour ranged from
clear to dark as the Ag-NPs content in the matrix increases. Both the bare Ag-NPs and
TiO2 were clear in colour. Figure 28 shows some of the fabricated thin films of

different concentrations.
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10 ol% Ag 20 mol% Ag 30 mol% Ag 40 mol% Ag

..

50 mol% Ag 60 mol% Ag 70 mol% Ag 80 mol% Ag

90 mol% Ag Pure Ag Pure titania
Figure 28. Photographs of fabricated thin films with different concentrations of Ag-

NPs.

4.3. Structural and chemical characterization of thin films

4.3.1. Phase analysis

Figure 29 shows the XRD patterns of TiO2 and Ag-NPs/TiO> composite thin films
after calcination at 600 °C for 30 min. In the case of pure TiO, both phases (anatase
and rutile) were observed at 25.0°, 38.2°, 44.4° 64.6° and 77.5°. These peaks indicate
that the neat TiO> films fabricated consisted of a mixed-phase of anatase and rutile,

known to have greater photocatalytic activity than an individual pure anatase or rutile
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phase (8). Only the MPM is known to fabricate a mixed phase TiO film at temperature

less than or equal to 600 °C (102).

For Ag-doped Titania (80 mol% Ag), a typical anatase phase corresponding to peak
110 appeared at 25.1°. The 80 mol% Ag film clearly exhibits the diffraction peaks, i.e.
200, 220, and 311 of the metallic silver, it also showed a face-centred cubic structure
(fcc) of metallic silver. For pure Ag, a peak 110 shows that after calcination, there was
an insignificant amount of silver oxide present and detected in the film. According to
Daniel et al. (1), the silver oxide in the pure Ag film might had formed during cooling
in air, where Ag might had reacted with atmospheric O,. Moreover, it was observed
that the intensity of the diffraction peaks 111 and 200 of Ag phases increased as the
content of Ag-NPs in the titania matrix increased. A decrease in the intensity of 101
and 111 diffraction peaks of the TiO> was realized as the silver content in the titania
matrix was increasing. The mean crystal size of the resulting Ag-NPs was around 10
nm determined by using the Scherrer’s equation on the wide-angle XRD peak

broadening analysis at the 200 peak (3).
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Figure 29. Wide-angle XRD patterns of the prepared thin films

4.3.2. SEM analysis

To obtain Ag, TiO2 and resultant composite films that can be reproduced, the optically
transparent to dark crack-free films were prepared. The calcination temperature of 600
°C was selected as the optimum temperature for the fabrication of Ag-NPs/TiO>
composite thin films (17). Heat-treatment at 600 °C yields films that contain excellent
crystals of mixed phase anatase and rutile TiO2, which leads to a decrease in the photo-
excited electron and hole pairs recombination (1). Therefore, calcination at this
temperature increases photocatalytic activity of the material, thereby subsequently

enhances the photo-induced bactericidal activity of the thin films (8).

The morphology of thin films seems to be different depending on the Ag content. It
can be seen from the low-magnified image of the scanning electron microscopy (SEM)

in figure 30 (a) below that the film produced at lower Ag content, i.e. 10 mol% Ag
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film contains well dispensed silver nanoparticles with a diameter range of 20 — 30 nm.
Figure 30 (b) and (c) indicate FE-SEM images of Ag-NPs/TiO2 composite thin films
with various Ag concentrations. As observed from this figure, the amount of silver
particles in the 50 mol% Ag composite films is fewer and particles appear to be
uniformly distributed across the film than in the 90 mol% Ag composite (higher Ag

concentration) films.

As Ag-NPs load increases, partial agglomeration of silver nanoparticles was observed.
In the 90 mol% Ag film, it can clearly be seen that the Ag particles appear aggregated
and as the loading of Ag-NPs into the TiO2 continues, large clusters of particles formed
as can be seen in figure 30 (c), same behaviour was observed by Daniel et al. (17).
Furthermore, instead of having a smooth surface like that of the 10 mol% Ag film, the
90 mol% Ag film displays a rougher surface morphology. The metallic silver looks
brighter in the image because Ag, just like other heavy metals backscatter electrons

more strongly than light elements (7).

Figure 30. FE-SEM images of (a) 10 mol% Ag, (b) 50 mol% Ag and (c) 90 mol%

Ag films.
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4.3.3. Profilometry; thin film thickness analyses

Figure 31 (a) shows a profilometric scan for a 60 mol% Ag representative film
covering a 25 mm travel distance. As deduced from the profilometric scan data of this
representative sample, the average film thickness was 100 nm. The multiple peaks-like
structures observed on the scan data denote the degree of film surface roughness which
could be attributed to disorganized film growth, which might have caused by the
accumulation of silver nanoparticles into the titania matrix (1) as shown in figure 31
(b). Additionally, film surface roughness might have resulted from the presence of
moisture possibly incurred during film preparation, which results in porosity in the
film (128). Another factor that is ascribed to film surface roughness are gasses that
possibly might have dissolved in the film during fabrication (17). Dissolved gasses

result in bubbles formation on the film surface thereby consequently results in

porosity.
1200 Film thickness
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Figure 31. (a) Profilometric scan of a 60 mol% Ag thin film, (b) FE-SEM image of a

60 mol% Ag film.
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4.3.4. Optical property of fabricated thin films

Figure 32 (a) shows UV-Vis absorption spectra of bare titania and silver-NPs
composite thin films. As can clearly be seen from the these spectra, the TiO; film
exhibited a low-intensity absorption band in the visible region. Conversely, it was
observed that its absorption intensity improved considerably in the ultra violet region.
This absorption behavior confirms that TiO> is greatly resposive to UV-light and
poorly or not at all absorbs in the visible region. While the Ag-NPs film displayed a
lower and broad absorption band at shorter wavelength, and particularly showed a peak
at around 410 nm. This peak position is attributed to the surface plasmon resonance
(SPR) of silver nanoparticles (17). Rochhlz et al. (129) reported that ‘when a film of
Ag-NPs is exposed to visible light, a large oscillatig electric field around silver

nanoparticles is generated’ (p.11).

In composite thin films of various Ag contents (50 -70 mol%), figure 26 (b), far-
reaching absorption across the visible region at wavelenghs > 400 nm was observed in
addition to an intense SPR peak that appeared at around 400 nm. The wide range
absorption in the visible region observed for composite films is ascribed to the
localized surface plasmon resonance (LSPR) of Ag-NPs suspended in the titania
matrix (1). As the Ag content increased in composite films, the absorption intensity in
the vis-region also increased, except for the 90 mol% Ag film, this very behaviour has
been widely reported (130,131). The unsual absorption behaviour of this film could be
due to a decrease in the TiO2 content in the film (17) or possibly due to the presence
of high amounts of Ag-NPs in the film which might had covered or blocked the titania
surface thereby reducing accessiblity of the material to light and concequently resulted

in lower absorption intensity.
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Results from figure 32 (b) show that the 70 mol% Ag thin film has the highest
absorbance. This impulies that this film exhibits the highest photocatalytic activity,
therefore, theoretically it should possess the highest antibactericidal and bacteriostatic
activity (36). Another observation was that, although, TiO2 was successfully doped
with silver nanoparticles, its band gap remained the same (17). However, the
photocatalytic property of the material increased significantly with an increase in the

Ag content.
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Figure 32. UV-Vis absorption spectra of (a) the a-TiO2 and Ag-NPs, and (b)

composite photocatalyst thin films.
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4.4. Antibacterial activity evaluation

4.4.1. Disk diffusion Method

Images in figure 33 show the photo-induced antibacterial activity of the positive
control (Gentamycin) and negative control (blank glass waver), pure TiO2, pure Ag
and composite films after 24h of incubation. The antibacterial activity is evidenced by
an inhibition zone of E. coli growth around resultant substrates as shown in figure 33.
The presence and the size of these inhibition zones, which are defined as areas free of
bacteria or where bacterial growth is prevented (11), reflect the bactericidal effect of a

particular thin film.

Bacterial growth was observed on the top and adjacent to the bare glass waver, which
implies that the negative control exhibits no bactericidal activity. No zone of inhibition
was observed for pure TiO. films under visible light, which clearly confirms that
indeed TiO2 does not absorb in the visible region. Pure Ag films had unclear zones of
inhibition. Results from figure 34 shows that all composite films could inhibit bacterial
growth under visible light, with the highest inhibition zone recorded for the 70 mol%
Ag film with a diameter value of 18.8 mm. Composite film 50, 60, 80 and 90 mol%
Ag displayed inhibition zone diameters more less the same as that of gentamicin (15.2

mm).

For the composite films, the diameter of the inhibition zone increased as the Ag-NPs
load in the TiO2 matrix increased. The diameter of the inhibition zone increased from
11.2 mm — 18.8 mm with the increase of Ag-NPs content in the composite films. This
trend was not observed for films doped with more than 70 mol% of Ag-NPs. Reasons
behind this unusual behaviour might be due to a decrease in the TiO2 content in the

film (17) or possibly due to the presence of high amounts of Ag-NPs in the film which
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might had covered or blocked the titania surface thereby reducing accessiblity of the
material to light and concequently resulted in lower photocatalytic activities.. The
former was expected because the driving force of silver ions diffusion from the bulk

to the surface is larger for films with higher silver contents (7).

Ag-only films did not show definite zones of inhibition, and this could be attributed to
the fact that Ag appeared as bulk or silver crystal aggregations in silver-only films,
which led to very limited silver ions diffusion. While in composite films, Ag appeared
as very fine nanoparticles that were well dispersed in the TiO2 matrix, thus, they
exhibited much larger inhibition zones. Composite films with 70 mol% silver loading
showed the most notable antibacterial effect and the diameter of the inhibition zones
improved by 73% in relative to the 10 mol% Ag film’s zone of inhibition. The
antibacterial activity of composite films is characteristic of their high photocatalytic
property which is further ascribed to the localized surface plasmon resonance (LSPR)

of silver nanoparticles observed at around 400 nm in the UV/Vis spectra (1).

The mechanism on the photo-induced bacterial killing has still not been established.
Some researchers have proposed that silver might be used as a metal in the deactivation
of bacterial cells, however, the active agent appears to be ions produced. In the
presence of water and oxygen, silver particles release small amounts of silver ions,
which induce cell death (76). On the other hand, Panacek (132) suggested that Ag-NPs
might adhere on the surface of the cell membrane, thereby affecting cell activities and
consequently results in cell death. The interactions of silver nanoparticles with the
bacterium cells depend on the size and shape of the nanoparticles. In this study,
bacteria death was probably caused by the leaching of active biocidal Ag ions from the
embedded silver nanoparticles present in the composite coating matrix into the

surrounding aqueous medium.

56



Bare glass

70 mol% Ag

Figure 33. Photographs of zones of inhibition test results of selected thin films
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4.4.2. Viable cell count method

Viable cell count tests were also carried out in the dark and under visible light on all
representative composite films, including for both the positive and negative control.
Figure 35 shows the bacteria Killing ratio in the dark and under visible light
illumination. After 3h of visible light exposure, all Ag-NPs/TiO2 composite films
exhibited bactericidal activity with different inhibitions of E. coli cells. Generally, the
composites with richest contents of silver nanoparticles showed the highest
antibacterial activity against E. coli both in the dark in under visible light. Following
films treatment under visible light, the viable count for E. coli showed 83% inhibition
by the film: 70 mol% Ag, while under the same conditions, pure TiO; film showed
only inhibition of 3%. In fact, considering that pure TiO2 does not absorb in the visible
region, the 3% inhibition recorded for pure TiO2 should, therefore, not be ascribed to
it. The decrease of the number of viable cells by 3% by the pure TiO> film might have

been due to natural apoptosis (10).

The film 20 mol% Ag and 30 mol% Ag with less Ag-NPs contents showed lower
percentage inhibition of 11% and 26%, respectively. As can be observed in figure 35,
pure TiO> particles present no bactericidal activity in the dark, indicating that Ag-NPs
were the ones responsible for the killing of E. coli cells in the dark. The antibacterial
effect of Ag-NPs incorporated TiO.-materials has been extensively reported (47).
Moreover, silver ions are also photoactive in the presence of visible light and the
photochemical reaction of Ag-cysteine complex hinders the enzymatic function of the
affected proteins (membrane proteins of bacteria), leading to enhanced inactivation of
bacterial cells (133). The silver-only films showed 5% decrease after 3h of visible light

illumination and 3% decrease in the dark, respectively.
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In this study, a bare glass was chosen as a blank control. The control results showed
about 1% inhibition of E. coli cells after 3h of visible light exposure. This could be
attributed to the fact that bacteria were exposed to long wavelengths of visible light
for a long period of time (3h) which might have damaged the E. coli cells by exciting
photosensitive molecules within the cell to produce oxygen reactive species which
inactivated the cells and ultimately resulted in cell death (7). In the dark, the
antibacterial activities exhibited by composite films was very low. While under visible
light, activities increased considerably. This indicates that visible light was necessary
for enhancing activities. Significant inhibition was observed for the 50 — 90 mol% Ag
films both in the dark and under visible light. Furthermore, As the Ag load increased
in the film, the bacterial inhibition activity of the material also increased both in the

dark and under visible light.

100.0 A Dark

B Visible light

90.0 -
80.0 -
70.0 -
60.0 -
50.0 A
40.0 -

% inhibition

30.0 A
20.0 -
10.0 -

0.0 -

Treatment

Figure 35. Antibacterial activity evaluation of various thin films in the dark and under

visible light. Means + standard errors of 3 replicates are presented.
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CHAPTER 5: CONCLUSIONS AND

RECOMMENDATIONS

a) Conclusions

Composite films of various molar concentrations of silver nanoparticles incorporated
in the TiO> matrix were fabricated on quartz glass substrates using the molecular
precursor method (MPM). The prepared films were characterized by employing some
analytical techniques for studying different parameters. XRD findings showed that the
synthesized films were composed of a mixture of anatase and rutile TiO2 phases,
known to have greater photocatalytic activity than an individual pure anatase or rutile
phase. FE-SEM and Profilometry analyses revealed not only the nature of the films’

surface morphology but also revealed the film thickness, respectively.

UV/Vis analysis indicated that pure TiO> films do not exhibit photo-responsive ability
in the visible region. Its absorption intensity, however, increased considerably at
shorter wavelengths, proving that pure titania indeed only absorbs in the ultraviolet
region. While all Ag-NPs/TiO2 composite films displayed photo-responsive ability in
the visible region, and the photocatalytic activity of films improved significantly as
the Ag-NPs load in the titania matrix increased. The visible light-induced
responsiveness of the composite films in my study is specially ascribed to the localized
surface plasmon resonance of silver nanoparticles observed at around 400 nm in the

UV/Vis spectrum.

This study has managed to bridge the gap that existed in literature by having
investigated the antibacterial activity of thin films fabricated by the MPM at 600 °C.

As in the case of the photocatalytic activity of composite films, the photo-induced
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bactericidal effect of the very films increased with an increased in the molar
concentration of Ag-NPs in the TiO2 matrix. The findings from this study have proven
that indeed silver nanoparticles were instrumental in enhancing both the photocatalytic
and bactericidal activity of composite films under visible light. Therefore, silver can
be pronounced as one of the most suitable noble metal dopants for the development of

light-cleaning TiO»-coated surfaces.

b) Recommendations

For the advancement of this work, it is recommended that apart from E. coli, other
bacteria species be used in the evaluation of bactericidal effect of Ag-NPs/TiO>
composite films. Another recommendation is the study of the photo-induced bacterial
activity of Ag-NPs/TiO> films prepared using MPM but heat-treated at temperatures
in the ranges of 450 °C — 550 °C. As some researchers have reported that films
prepared within 450 °C — 550 °C temperature range tend to contain solely the anatase
phase of TiO, and as a result they claim that these films exhibited the highest

antibacterial activity.
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APPENDIX

Appendix I: Materials used in this study

Table 1: Chemicals used to prepare precursor solutions.

Chemical name Chemical formula | Amount used Moles
(9) per trial (mmol)

Dibutylamine CsH1oN 3.58? 0.56" 27.7%, 4.3
Ethylenediamine-N,N,N’,N’- C10H16N20s 3.562 12.22
tetraacetic acid
Ethanol (99.9%) C2HsOH 107, 1.0° 2178, 21.7°
Methanol CH30OH 102 3122
Silver Acetate CH3COOAg 0.24° 1.4°
Titanium tetraisopropoxide Ti(O'Pr)4 3.472 12.22
Hydrogen peroxide H202 1.56% 13.8%

aAmount used to prepare the Titania precursor solution.

bAmount used to prepare the silver precursor solution.
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Table 2: Consumables used in the antibacterial susceptibility test.

Identity of consumable Amount
Nutrient Agar -
Nutrient broth -

E-coli ATCC25922 -
Barium chloride (BaCl,) 0.048M
Sulphuric acid (H2SO4) 0.18M

Gentamicin 50ug/ml
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Appendix I1: Data for mean film thickness

Table 3: Mean film thickness for selected films.

Representative sample Mean film thickness
(nm)
20 mol% Ag 100 (0.5)
40 mol% Ag 100
60 mol% Ag 100
80 mol% Ag 260 (1)
Bare TiO2 130 (3)

*Three successive measurements were taken per concentration.
*Estimated standard deviations are presented in parentheses.
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Appendix I11: Raw data for the disk diffusion method

Table 4: Experimental results for the antibacterial activity evaluation of thin films.

Mean inhibition

Film Exp. 1| Exp.2 | Exp.3 zone STDEV SE
Pure TiO> 0.0 0.0 0.0 0.0 0.00 0
Pure Ag 0.0 0.0 0.0 0.0 0.00 0.
10 mol% Ag 11 11.5 11 11.2 0.29 |0.09129
20 mol% Ag 12.5 12 12 12.2 0.29 |0.09129
30 mol% Ag 12 13 13.5 12.8 0.76 | 0.24152
40 mol% Ag 13.5 13.5 14 13.7 0.29 |0.09129
50 mol% Ag 14.5 15 14.5 14.7 0.29 |0.09129
60 mol% Ag 15.5 15 15.5 15.3 0.29 |0.09129
70 mol% Ag 19 18.5 19 18.8 0.29 |0.09129
80 mol% Ag 15.5 15.5 15.5 15.5 0.00 0
90 mol% Ag 15 15.5 15 15.2 0.29 |0.09129
Gentamicin 15.5 14.5 15.5 15.2 0.58 |0.18257
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Appendix 1V; Raw data for the viable cell count method

Table 5: In the dark

Film Exp. 1 (cfu) |Exp.2 (cfu) [Exp. 3 (cfu)|Mean cfu|cfu (- control) [Colony inhibited|% Inhibition |STDEVS
Gentamicin 0 0 0 0 296 296 100.0 0.0
Bare glass 296 298 294 296 296 0 0.0 2.0
Pure TiO, 291 294 296| 293.6667 296 2 0.8 2.5
PureAg 282 281 284| 282.3333 296 14 4.6 1.5
20 mol% Ag 271 274 269| 271.3333 296 25 8.3 2.5
30mol% Ag 268 267 270| 268.3333 296 28 9.3 1.5
40 mol% Ag 263 261 263| 262.3333 296 34 11.4 1.2
50 mol% Ag 259 258 254 257 296 39 13.2 2.6
60 mol% Ag 255 252 257| 254.6667 296 41 14.0 2.5
70 mol% Ag 250 253 251| 251.3333 296 45 15.1 1.5
80 mol% Ag 247 248 243 246 296 50 16.9 2.6
90 mol% Ag 241 245 242| 242.6667 296 53 18.0 2.1

Table 6: Under visible light

Films Exp. 1|Exp. 2|Exp. 3| Mean cfu| Mean CFU(-control) |Colony Inihibited|% Inhibition |STDEVS
Getamicin 0 0 0 0 287 287 100 0
Bare glass 287 273 284 281 287 6 2 7.3711148
Pure TiO, 279 274 278 277 287 10 3 2.6457513
Pure Ag 263 268| 273 268 287 19 7 5
20 mol% Ag 248 254| 251 251 287 36 13 3
30 mol% Ag 214 211 198 208 287 79 28 8.5049005
40 mol% Ag 205 206| 199 203 287 84 29 3.7859389
50 mol% Ag 104 97 96 99 287 188 66 4.3588989
60 mol% Ag 79 68 78 75 287 212 74 6.0827625
70 mol% Ag 32 41 38 37 287 250 87 4,5825757
80 mol% Ag 46 53 59 53 287 234 82 6.5064071
90 mol% Ag 52 56 58 55 287 232 81 3.0550505
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