UNIVERSITY OF FORT HARE

Faculty of Science and Agriculture

University of Fort Hare
Together in Excellence

Preparation and application of plasmon metal enhanced
titanium dioxide photocatalyst for the removal of
organics in water

A thesis submitted ifulfilment of the requirements for the

DoctoralDegree in Chemistry

By

Pardon Nyamukamba
(Student Number: 200805439)

Supervisors: Prdfilian Tichagwa
ProfLeslie Petrik
Prof Sampson Mamphweli

January 2016



Preface

I, Pardon Nyamukamba, declare that this work was performetheénDepartment of
Chemistry, University of Fort Hare and University of The Western @ape March 2013 to

January 20l16under the supervision of Prof L Tichagwa, Prof L Petrik and Prof S

Mamphweli.

This work has not been submitted in part or whole toaher university.



Dedications
This work is dedicated to my wife Dr Nyarai Margaret Mujuru Nyamukamba, my daughter
Natalie Anopaishe, my sons Atidaishe Reynold and Anashe Daniel, my mother Beatrice and

my father Livaty in appreciation olfi¢ir inspiration, unconditional love and acceptance.



Acknowledgements

| am so thankfuto God the Almightywho made everything possible. His unconditional
endless love, support and courage helped me achieve what was required of me to

comgete this work.

| would like to express my sinaergratitude to my supervisors Profian Tichagwa
Prof Leslie Petrik and Prof Sampson Mamphvietitheir invaluableguidance support
and fruitful conversatios My achievements in my Phi2searchwork would not have

been possible without their guidance and support.

| also extend my gratitude to nigilow chemistry postgraduate students forirtlsepport

and encouragement; Dr Bunhu, Oyedeji, Dr Katwire, DiKuvarega, Dr Mungondori,

Mr Ruwuya, Mr Tavegwa, Miss PeteniMs SingiswaMiss Lukanji and altdepartmental

staff who wereextremely supportivand genuinely interested in ynwork. To my other
research group members, Environmental and Nanosciences at UWC, | would like to say
thank you so much for lathe support and constructive comments in my reaserch. The
work would not have been succesdial it not beeffor the technical assistance offered

by Mr Tshapu, Mr Mcwako, Mr Rudolph, Dr Botha, Dr Green, Miss Fanmdo

Mutingwendeand Mr Komani.

Specialmention goes to Prof Catherine Ngila for allowing me to use her laboratory to do

some of my work and also for her support in various ways.



| also want to thank my family, parentspthers, sisters and all my relatives and friends
who were always ther@f mewhen | needed them and for their prayéisay thank you
so much for the support and bringing the best ouhefand mayur good Lod richly

bless you all

It is with a deep sense of gratitude that | thank the National Research Fourgtean
Inzalo Foundationand Govan MbekiResearch and Developmefdr their generous

financial support



Abstract

Advanced oxidation processes are capable of removing organic compounds that cannot
be removed by conventional water treatment methodsony the oxidation processes,
photo-catalysis using titanium dioxid€liO,) is a promisingmethodbut suffers from

rapid electrorhole recombination rates and only absorbs UV light which is a small
percentagey %) of the total solar radiatioTherefore here is a need to reduce the
recombination rates and also extend the absorption of the-paiatiyst into the visible

region which constitutes 55 % of the total solar radiatidre major aims of this study

were to prepare plasmon metal decorated anddd@p@, photocatalysts immobilized

on quartz substrates and test their phaattalytic and antimicrobial activities.

The efiect of film thickness (loading) andse of differentshapes ofplasmon mel
nanostructures was investigatedO, thin films were prepared bya sputter coating
techniquewhile plasmon metal (Au & Agyarbon cedoped TiQ by a simple sol gel
process anglasmon metal films were prepared by the thermal evaporation technique.
Different plasmon metal nastiuctures (nanorods, dendritegnowires and spherical
nanoparticles) were prepared using a wet chameéchnique using sodium bdrgdride
as the reducing agent. Nanogmsites ofco-doped TiQ photecatalyst and plasmon
elements of different proportions were also prepared. The prephacatalysts were
coated onto etched and MPTMS8-Mercaptopropyl trimethoxyslianetreated quartz
glass substrate which is a stable supfaaburing easyrecovery.The prepared materials
were characterized by XRIHRTEM, TEM, HRSEM, FT-IR, SEM, PIXE and TGA

while the doped Ti@was characterized by XPBET, CHNSand Ramarspectroscopy.



The effect ofpH of solution presence of other contaminants and saltolution initial
concentration of the model pollutant and type of the plasmonic elemeiit® qiote
catalytic activity of TiQ towards 4-(4-sulfophenylazoN,N-dimethyl aniline (methyl
orange)were also investigated.The selected Ti@photccatalystfiims were tested for
antimicrobial properties. The effect of different types of plasmon elsmen the
antimicrobial activity of TiQ againstE. coli ATCC 3695was evaluated unddyoth

sunlightand weak UV light

Under UV light Ag showed the highest enhancement in ploati@lytic activity of TiQ
than Au and Cu. fle photecatalytic activity of TiO, increased withranincrease in Ag
contentto an optimum loading and then started to decrease avithither increase in
loading. For Cu and Au, photxtivity activity increased witlan increase in plasmon
metal contentUnder sunlight, Cu showed thaghest enhancemerdf TiO, photo
catalyticcompared toAg and Au. The change iarder of deposition showed thau
films enhanced the photxctivity betterwhen they were depositachderneathrather
than on top of TiQ on quartz supportbut Ag films perfamed better in enhancing
photoactivity when they were deposited on top of 7iDhe use of bimetallic layers and
three layer systems of different plasmon elements enhanced-qatatgtic activity
better than the use of a manetallic layer. The presencef other organic contaminants
and saltsn solutionswasfound to reduce the phettegralaion of methyl orange due to
preferential adsorption of other contaminants. When the pH was increased, the photo
catalytic activity of TiQ towards methyl orange wasducedIn antimicrobial studies, it

was foundthat the plasmon elements greatly improved the antibacterial action of TiO
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againstEscherichia coliATCC 3695 in waterand the best antibactaliaction was

observed witlsilver/carbon cadoped TiQ photocatalyst under sunlight

The doped sapies consisted of polydispersenoparticles which were found to be
beneficial for photecatalytic activity enhancement under sunligi. general trend was
observed on the band gap reduction wvéthincrease in plasmometal contentAmong

the Ag doped photeatalysts, the highest phettegradation rate constant of 2.45 %10
min*was achieved by TiQwith a silver content of 0.5 % because it had the lowest band
gap of 1.95 eYand lowestrate constant of 1.74 x £amin™ was achieved wit®.7 %

Ag loaded TiQ towardsmethyl orangeFor the Au doped samples, the highest photo
degralaion was achieved with a sample loaded with 1.0 % Au which had a-photo
degralaion rate constant of 3.22 x $anin™. Doping with Au andAg was found to
promote anatase to rutile phase transformatdmch allowedutilization of visible light

but reducedhe surface area of the phatatalyst.

There was no change in band gap observed in the composite systems. Themose o
than one msmon elemento preparecomposites was found to be more effectine
enhancing the photecatalytic activity of TiQ than the use of one plasmon elemami.

The highest photdegradation of 66.56 % after 5 hours under visible light irradiation

was achieed by cedopedTiO,/Au-Ag-Cu composite system.

Durability tests showed that the selected phozttalysts were durable and could be used

for at least four times without appreciable loss of pluatialytic activities. For instance
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TiO, on a three layer sy=tn (TiOJ/Au-Ag-Cu) showed 95.88 % degradation of
bromocresol purple after five hours and after the fourth applidagiole it decreases by
only 14.9 % ta80.98 %. Leaching of the plasmon elements increasedawititrease in
the number of cycles and wasnimal for Au and Cu. The extent of leaching was also

found to depend on the position of the plasmon element relative to thegattalyst.

It was showrthat low band gap does not always guarantee high fadédytic activity

as some samples with highand gaps were found to haveghe photocatalytic
activitiesthan low band gap photmatalysts Silver was found tdavour anatase to rutile
phase transformation motiean gold. Some secondgrkiotodegradatiorby-products of
methyl orange were foundhe mode in which the LBAS is operated has an impact on

the photedegradation products that can be detected by the instrument. The study
achieved its goals of enhancing the phcaalytic activity of TiQ both under UV and
visible light irradiation. It wagproved that under UV light the plasmon elements act as
electron reservoirs thereby reducing electron recombination rates and under visible light
irradiation they increase Tiphotocatalytic activity byboth creating localized surface

plasmonsand reduaig recombination rates
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1.1 Study Background and Motivation

Water purification is among thenost important technologie$or human life. Access to
adequateand safe drinking water is vital for efééve health protectio but in developing
countries, thiss still lacking hencdt remains a high priority. It has been shown that in some
regions, thenvestments in water supply and sanitation can yield a net economic benefit since
the reduction in advse health related problems costs outweigh the costs of undertaking the
interventions (WHO, 2008). The water demand is increasing due to the increase in population
and according to th009 World Water Development report, almost half of the world
population will have high water stress by 2030 (WWD., 2009). The pressure on water
resources in some countries for instance South Afiscdue to limited resources as it is in a
semtarid part of the world and its average rainfall (450 mm/year) is well belowdiniel
average of 860 mm/year (NWRS., 200&afe drinking water is a major public health issue

in developing countrieand millions of people are dying every year due to preventable water
related diseases. In 2012 WHO/INICEF reported that about 768 mpkople worldwide

have no access tirinking water. These figures are expected to increase in future as a result
of contamination from the discharge of pollutants into the water systems (Ehahg2010;

Suarezt al, 2008).

The effluents from induges have an adverse impact on human health and when found in
drinking water systems; they pose a threat to usergheehvironment. Chemicals such as

pesticides and herbicides from agricultural activities also end up in rivers and lalssrand



arecorfirmed to be endocringisruptingwhich require removarom water systems (Akpan

& Hameed., 2009). The degradation of these chemical contaminants has received increasing
attention. Conventional water treatment methods such as flocculation and coagulation,
ultrafiltration and adsorption using activated carbon have been used but they have a
disadvantage of creating secondary pollution which requires further treatment, disposal of the
solid wasteand reg@neration of the adsorbentadsorptiormakingthemexpensive process

(Akpan & Hameed., 2009Tang & An., 199%. Besides the high operational costs, these
methods could generate toxic secondary pollutants which can further pollute the environment

(Gaya & Abdulah., 2008).

The use of chlorine for disinfectidras been common in water purificationitis cheap and
kills a largenumber of pathogens but has a big disadvantagbheopossibility of chlorine
reacting chemically with organic matter found in wafEhis can lead to the formation of
carcinogens suchs trihalomethanes and other chlorinated disinfectiecprbgucts (DBPSs)
(Fischeret al, 2012). ®veral factorsincluding the release othese DBPs angbersistent
organics and théMillennium Development Goal (MGDjo reduce the proportion of the
population without access toage drinking water by 201meansthat new methods of water
treatment have to be developedefiorts made tamprovethe existing ones. This héd to
increase imesearch focusing on the development of alternative methadst@ntonal ones
such asdisinfection methodsThe new methods includadvanced oxidation processes
(AOPs) whichare very promisingn the treatment of contaminated watéhe most common
AOPs includeelectrochemical oxidation, ozonation, UV irradiation alonénotombination
with H,O, and TiQ photo-catalysis Among these, much attention has been given to photo
catalysis due to its potential to degrade a wide of recalcitrant organic contaminants into

harmless products at ambient tempera(idinsafi et al, 2007; Zainalet al.,, 2005).



1.2 Organic water pollutants

The list of organic contaminants that are found in water is increasing as new analytical
techniques allow detection at low concentratiofBe recalcitrant organic pollutants are
increasing in watestreams and air hence environmental laws ragdlations are becoming
more stringentGayaaet al, 2008).Dissolvedorganic pollutants give watemn undesirable

taste, odour or evampartscolour in drinking waterFor instance, methyl tertiary butyl ethe
(MTBE), a gasoline additive causes water to smell oily. Industrial phenols, hydrocarbons,
volatile organic compounddrans-1,10dimethyttrans-9-decalol (geosmin) and-2ethyl
isoborneol (MIM) can also causelaurs in the waterThe use of powdered actited carbon
(PAC) to remove taste aratlor problems caused by geosmin and MIM requires large doses
of PAC making it impractical for larger utilities. Also activated carbon can rersowge
organic contaminants that readily adsorbs onto it suchresatic solvents, chlorinated
aromatics, phenol and chlorophenols meaning those compounds which do not adsorb require
other methodsThe most reliable effective and suitable methddr removal of organic
contaminants in drinking water chemical transformationyboxidation. e such method is
ozonationwhichis an alternative to PAC but it is expensive and can result in the formation of
bromate (ozonation bgroduct) which is harmful and carcinogenic (USEPA. 1999) hence
photo-catlysis seems to be a better optiéthotecatalysis through the generation of radicals

is a promising method as the OH radicals are highly oxidiamgjreact rapidly with any

organic contamina in water including taste aratlour impartingcompounds.

1.3 Nanotechnology in water treatment

Nanotechnology has enabled water treatment to overcome most challenges that are faced by
some of theexisting treatment techniques. It has allowed economic utilization of

unconventional water sources resulting in the expansion of the water siipplyelieved



that the nanotechnologyasedtechniquescould lead to cheaper, more duraldad more
efficient water treatment technologies that could solve the problems of developing countries
in the water treatment sectoilhe ranotechnologyasedwater treatrent methods include
such techniques abe use ofnancAg (Li et al, 2013), tillerene derivativeshanofiber
membranegFenget al, 2013) forward osmosisnaneTiO, and the use ofcarbonbased
naneadsorbents such aarbon nanotubeandnanozeolites(Wang& Peng, 2010) Among
these techniques, phetatalysis has gained more interest as it is useful fotrpagment of
hazardous and ndmodegradable contaminants to increase their biodegradability aa it
polishing step to remove recalcitrantganic compounds from watefhe most common
photocatalyst is titanium dioxide which is readily available and is close oyl ideal
photo-catalyst because it is inexpensive, chemically statditively nontoxic and the

photogenerated holes are hig oxidizing (Ochiaiet al., 2010).

Photocatalysis using semiconducsas environmentally friendly as it degrades contaminants

into harmless products sues CO, and water. It involves the generation of electron hole

pairs when light of energy matclgnor exceeding the band gap of the semiconductor is
absorbed. The generated electrons and holes migrate to the surface of the semiconductor to
reduce and oxidize contaminants adsorbed by the semiconductet @\j 2007).Due to

some shortcomings of T¥EYmost wrrent researchs focusedon increasing photeatalytic

reaction kinetics and phofactivity through band gap engineering of Fi@nd increasing the

lifetime of the photegenerated charge carriers.

The commercializationof naneengineered Ti@ photo-catalyss for water and wastewater
technology strongly depends on their impact on the agueous environment, tddimoi the

release of Ti@ nanoparticles into environment and for easy recovery of the juabadyst,



the nanoparticles need to be iwiiized for example,as a film on a substrate such as
guartz. The quartz is normally etched and surface modified with adhesion promoters such as
3-Mercaptopropyl trimethoxysliane (MPTM$) improve the adhesion of the nanopatrticles.

The quality of the fms and the MPTMS monolayer depend on several factors such as the
nature and roughness of the substrate, concentration of the adhesion promoter and cleanliness
of the substratePrevious studies provetthat uniform and weltlefined films ofplasmon

metal sich aggold andsilver couldbe formedon surface modified quar{Parket al, 1999).

1.4 Problem Statement

A perfect photecatalyst is not yet available but Ti@G very close to being an ideal pheto
catalyst. Besides all the good properties which,Th@s, there are some shortcomings of
which the major drawback is its inactiyiin the visible region which reduceéts phote
catalytic efficiency. It only absorbs in the UV region which is oabput5 % of the total
solar radiation and thisnplies thatmore energy is required to supplight of appropriate
wavelength, makingthe use of TiQ expensive. Hence there is a need to do some
modifications of TiQ so that it can respond in the visible regiwamich isthe major part of
the solar radiation (55 %)fhe modifications include doping which results band gap
reductionand an increasein photccatalytic activity butmetal ion dopantsilso sometimes
serve as recombinatiazentersfor charge carriers thus aagainst the separation of excited
electron andhole pairs (Taret al, 2011).This recombination of charge carriers is a major
limitation in semiconductor photeoatalysis as it results in low quantwefiiciency. Also, the
metal ion dopants are often not effective in aiding surface reduction and onidagictions
(Emelineet al, 2008).The cedoping of TiQ with both a nonmetal andransition metals

believed to be appropriate in narrowing the band gap with minimal recombinatiters



Sensitization is another way to improVéO, efficiency by br@adening the range of visible
light response but the use of a dye to photosensitizer&glts inthe destruction of the dye
by oxidizing holes. Whernused in aqueous solutions thiganic dyes can also detach from the
photo-catalyst surfaceKusumawardanet al, 2010) The use of plasmon elements which
create local electric field&hich makethe TiO, respond to visible light seem to be a better
alternative.The other drawback of TiJis the low life span of the electrdrole arriers
which is 10 ns due tbigh electrorhole recombination rate3his recombinations one of
the most detrimental reactions in phatatalysis as it affects the interfaccharge transfer
processesesulting in a low photomuantum efficiency of the photmatalytic processThe
recombination rates could be reduceddffective immobilization of the photocatalyst on a
conductive material (Saeham al., 201} or decorating the photoatalyst with plasmon
metal nanoparticlesvhich act as electron reservoilss a result it isssential to develop a
photo-catalyst that works efficiently imisible lightgeneral sunlightvhile it haslow charge

recombination.

The use opowdered TiQ causes a shadowing effect reducing light penetration in solutions
and alsaequiresseparation oftte catalyst from the treated walsr filtration after the phote
degradatiorprocess. Immobilization of the phetatalyst on a support means no filtration
will be required which couldeffectively save coss in commercial applicationssince
powderedrliO, has a high dispersion in ves which causes difficulties separationwhereas

supported photgatalysts do not pollute the water and allow better light penetration

1.5Aims
1 The major aim of this study is to develop thin films of plasmon metal neddifiO,

photocatalystson quartz supportthat are capable of utilizing UV light or visible



light and have low electrehole recombination rates andgood antimicrobial

properties.

1.6 Objectives

1 To prepare and characterise Fiphotocatalyst and plasmometal thin films of
different thicknessesrimobilized on quartz substrates

1 To study the effect aheorder of deposition of the thin films of plasmon elements on
TiO, photocatalytic activiy

1 To study the effect of using a bilayef two different gasmo elements on Ti®
photo-catalyticactivity

1 To study the effect oplasmon elemencontents/loadingon TiO, photo-catalytic
activity

1 To synthesisearbongold co-doped TiQ thin films with differentamountsof gold
and characterise them by HRTEM, HRSEM, £MRaman, FHIR, BET, XPS and
DRS

1 To synthesisearbonsilver cadoped TiQ thin films with different amountsf silver
andcharacterisélRTEM, HRSEM, EDSRaman, FTIR, BET, XPS and DRS

1 Tosynthesise, characterize astddy the effect of different nanasttures of gold and
silver nanoparticles on the phetatalytic activity of TiQ

1 To evaluate the durability of the-psepared plasmometaldecoratd photecatalyss.

1 To evaluate the specificitselectivityof the photecatalyst tevardsdegradingcertain
organic compoundss well as their antimicrobial properties

1 To determinethe photodegradationpathway of the model pollutant using IS

technique



1.7 Research questions

1 Is it possible to prepare and characterize,TpBotccatalyst and plasmon metéilirt
films of different hicknesses immobilized on quadzbstrates?

1 What are the effects of order of deposition of the thin films of plasmon elements on
TiO, photocatalytic activity?

1 What are the effectsf using bilayer systemsf different plasmon eleantsinstead of
monometallidayerson TiO, photocatalytic activity?

1 Is it possible to synthesize carbon and goledoped TiQ thin films with different
contents of gold and characterize them?

1 Is it possible to synthesize carbon and silvedoped TiQ thin films with different
contents of silver and characterize them?

1 Is it possible to synthesize plasmon metal nanostrestof different shapes and dyu
their effects on Ti@photocatalytic activity?

1 How durable and how long can the prepared,Tp@ob-catalysts be used without
losing their photecatalytic activity?

1 Are the prepared Ti© photocatalysts more selective towards certain organic
contaminants than others?

9 Is it possible to determine the nature of the pldegradation products of methyl

orange?

1.8 Scope of the study

The study investigatethe feasibility and effectiveness of plasmon metal enhanced TiO
semiconductor pito-calyst as an advanced oxidation treatment technology for the

mineralization of methyl orange and bromeswl purple @ the levels that we not



detrimental to people, animals and the environment. The performance of thecatadyst

was also tested with addition of salts and other organics to determine the effect of the
presence of other contaminants on the performahd&O, photocatalyst. Three different
models of plasmon enhanced Fighotocatalytic hin film systemswere preparedo solve

the issue of electrehole recombination and light absorption resulting in low quantum
efficiency. The semiconductor phetatdyst was immobilized on quartz to eliminate the
possibility of postseparation of Ti@ nanoparticles when utilized in powder form. The

employed model systems were as follows:

Mo d e:ITiO.tfilms and plasmon element films depodit@yer by layeron quartz This

model hadwo sections;

(1) plasmon elementhin films depositedunderneath th&iO; thin films. This model
tried to address both the effects of noble metals on, pl®tccatalytic activity ad
the importance of reducingaching of the metal nanopatés diring the photo
degradation process

(i) TiO; thin films underneath thplasmon metathin films. This model triedo address

the importance atheorder of deposition of the thin films.

Model t tried to determinethe effect of plasmon elemeanbnthe photecatalytic activity of

TiO, photacatalystwhen they wee depositedsfilms that is,layer by layer.

Model I1: Plasmon metal andarbonco-doped TiQ photacatalyst thin films This model
tried to addresthe importance of using a phetatalyst that hadoth low band gap and low
electronrhole recombination ratest tried to find the effect of plasmon elements on the

photo-catalytic activity of TiQ when they wee used as dopants.



Mo d e |: Compokite material of plasmon elements and doped pitccatalyst. This
model triedto showthe importace and the effect of increagicontact surface area between
metal nanoparticles and TiQor efficient charge separatioit. tried to showthe effet of
plasmon elements of different structures on the phatalytic activity of TiQ when they

were used as composite materials.

The threemodel systems above were designed to address the role played by noldenmetal
enhancing photecatalytic activitydue to mechanisms such decalised surface plasmon
resonance, electron capturing, band geguction,and/or activation by visible light. The

plasmon elements that were employed wereGwand Ag.

1.9 Outline of thesis

This thesis consists of eightaghters and a brief summary of the contents of each chapter is

presented in this section.

Chapter 1 gives the general introduction of the study. The aims, obgstand problem

statement arpresented in this chapter.

Chapter 2 gives a literaturereview which focuses mainly on the role aainotechnology
based materials in removing organic contaminants and bacteria from water. The different
approaches of enhancing the photdalytic activity of TiQ both under UV and visible light

and the general mechams of photecatalysis are given. The possilieechanismshrough

which plasmon metal elements enhance ;Tpghotccatalytic activity are discussed. The
applications of TiQ and plasmon elements and the different kinds of pbatalyst supports

are also gien towards the end of the chapter.
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Chapter 3 presents the details of the experimental procedures and characterization
techniques that were employed in this study. Where possible, the photographs and schematic
representations of the experimentatgetarehighlighted. A list of all materials used is also

given.

Chapter 4 gives characterization of plasmon metal/Jighotocatalyst thin filmsmade
according to moddiand the evaluation of their phetatalytic activity using methyl orange

and in some cases bromocresol purple. A systematic study on the effect of plasmon metal
nanoparticle film thicknesses (loading), order of deposition of the films and the use of
different plasmon elements (Au, Ag & Cu) is presented. Possible mechanisms of
enhancement of TiOphotocatalyst are discussed. A discussion on the effect of both
operational parameters and presence of other contaminants on thed@deidation of

methyl oraige is presented.

Chapter 5 presents the characterization and phkastalytic activity evaluation of Ti©
semiconductor caloped with a nonmetal (carbon) and a transition metal (Au ananage
according to modelt.tThe effects of transition metal loading on the band gap, surface area,

anatase to rutile phase transformation and the resulting-phtitytic activity are explored.

Chapter 6 gives a detailed account on the preparation of different plasmon metal

narostructures such as nanowires, dendrites and nanorads according to model tahd

their effect on the photoatalytic activity of TiQ when combined as nhanocomposites.

Chapter 7 covers the evaluation of the antimicrobial activity of the plasmon diexbfiaO,

photo-catalysts under sunlight da coli 3695
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Chapter 8 givesconclusions andecommendations for further studies.

Referencescited inall the chapters are givext the end.
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Chap2er

Literature Review

2.1 Introduction

Potablewater is regarded as one of the most important resources and its supply for human
consumption is of high importance. The availability of ne@wproved analytical methods
coupled with deeper understandingtlo¢ adverse effects of organic pollutamastriggered

the enactment of stringent drinking water standards. Hence the water needs to undergo
various treatment processes to remove both pollutants and pathogenic microorganisms before
it can be used by people. There are several mettimiscan used to raove organic
pollutants from water and thehoice of which reatment technologto use depends on the
characteristics ofhe water, the types of water quality problems likely to be presenthand

costs

The available water treatment methods can be gobup® two: destructive and nen
destructive techniques. The ndastructive techniques include adsorption, flocculation,
coagulation, filtration and sedimentation. The destructive techniques that fall under advanced
oxidation processes can be divided inteo groups, the noiradiation and irradiation
techniques. The nemradiation processes include ozonation, fenton process, sonolysis and
electrohydraulic discharge. Phetatalysis which falls under the irradiation processeme

of the most promising techniques in water treatment since various chemical and
microbiological pollutants in water are degraded into harmless products @D HO)
without chemical additionOne of the most important aspects of environmental photo
catalysis is the availabilitypf titanium dioxide which is a multifunctional semiconductor

photo-catalyst that can be used as (i) an energy catalyst in hydrogen production, (ii) an
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electron transport medium in dgensitized solar cells and (iii) an environmental catalyst in

water andhir purification (Lazaet al, 2012).

2.2 Semiconductor photecatalysis

Photccatalysis is an acceleration of a reaction under the action of light in the presence of a
photo-catalyst that absorbs light quanta. The process can be powered by sualigitable
catalyst is employed. It has gained interest due the fact that it is capable of degrading nearly
all organic contaminants into harmless products if there is complete mineralization as

represented by Equati@nil.

Organic compounc - CO, + HO * miner al acids

Photocatalysisstarted in 192 after the discovery of photochemical water splitting into
oxygen and hydrogen using TiQFujishima & Honda, 1972). Semiconductor photdalysis

has several advantages which include (i) environmentally friendly, (ii) no use of chemicals,
(iif) the equpment involved can be operated easily and (iv) the process can use free natural

sunlight thus reducing operational costs

2.2.1 Titanium dioxide as a semiconductor

Titanium dioxide has been investigated extensively forelectrochemical and catalytic
properties due to its wide applicationsekists mainly in four forms namely anatasajtile,
brookite andTiO,(B), all of whichconsist of Ti@ octahedra budiffering in the distortion

and manner in which they share the edges and casefsown in Fige 2.1.
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(a) (b) oTi

Figure 21: Crystalline Structures of different phases of JiQa) ansse, (b) rutile, (c)

brookite and (d) Ti@(B), (Maet al, 2014).

Brookite is not common and is less used as a catalyst when compared se amatautile
phases. The polymorphisave different mass densitjeexhibit different photeatalytic

propertiesand electronic band structures due to the wiffee in lattice structure$he phase
structure of the photoatalyst is one of the most impant factors that determine pheto

catalytic performance of TiO

Anatase with a band gajyy) of 3.2 eVabsorbs UV light around 387 nand has been
reported to be more catalytically active than rutile witlEg of 3.02 eV whosdight
absorption onset oacs around 413 nm (Emeliret al, 2008) The higher phot@atalytic

activity of anatase is attributed to the slightly higher Fermi level, high density of localized
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states and consequent high levels of adsorbed reactive specié)s a@Hlower @h’
recombnation relative to rutile Hanaor& Sorrell, 2011; Setiawati & Kawanq 2008). In
some studies, researchers observed that a mixture of anata&e ¥@)0and rutile (280 %)

is more photecatalytically active than pure anatase (Muggli & Ding., 2001).

Rutile is more thermodynamically stable when compared to the anatase phase whereas
anatase is kinetically stable at low temgiares (Ovenstone & Yanagisawi999). The
anatase phase is suitable for use as a cathgssupport (Foger & Anderspoh996) while

the rutile phase is employed for optical and electronic purposes due Hightsefractive

index and dielectric constant (Zhaagal, 1997).Rutile is obtained by annealing the other
polymorphs at elevated temperatures and the mechanism of phase rtnatisfodepends on
variables such as impurities, morphology and particle size of the starting anataseaMa
2014). The most stable crystal faces of rutile are the 100 and 101 (Ramaneb@ilthy994).

Brookite does not change directly to rutile bbainges into anatase fiest follows
brookiteY anatasé’ rutile transition.

Based on band positions relative to the standard hydrogen electrode (NHE), several
semiconductors sudis WQ, ZnO, ZnS, FgO;, CdS,WO3 and SrTiQ (Figure2.2)can be

used in photecatalysis for the photdegradation of omgnics in water. In contrast with these
semiconductorsTiO; is widely used in envonmental applications arid close to being an

ideal photecatalyst because it is inexpensive, chemically stable, environmenialhyglir,

stable over a wide range of pkglatively easy to produce and use, relatively nontdkie,
photogenerated holes are highly oxidiziagd it has a relatively slow rate of charge carrier
recombination in comparison with otheensiconductors (Hanaor & SorrelR011). For
instance, cadmiurauphide has a small band gap of 2.42 eV but it is not desirable because it

suffers from photecorrosion resulting in the release of Xdons which are dangerous
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pollutants (Yang, 1998). Zinc oxide also suffers from degradation during repeated photo

catdytic cyclesdue to pH sensitivithence cannot be used for technical applications.
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Figure 22: Energy band diagram and redox potentials of various metal oxide semiconductors.

The band edge position relative to NHE for thetal oxides has been reported to depend on
the pH value of the solution through the same Nernstian relation as for the water redox

potential§Chenet al, 2012)

2.2.2 Principles of photecatalysis

When a semiconductor phetatalyst is irradiated wh photons whose energies are equal or
greater than the barghp energy, electrons are excited resulting in the promotion of valence

band (VB) electrons to the empty conduction band (CB) leaving a positive hblen(ithe
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valence bandThere are three gsible ways in which the phegenerateelectronhole pairs

maybe involved and these afila et al, 2019:
0] Migrate to the semiconductor surface successfully
(i) Recombine releasing heat energy or photons
(i)  Trapped by defect sites
The following reactionsor the activation of TiQhave been widely postulated.
TiO, ™ eu(Ti0y) + hy' (TiOy) (2.2
wherehv s the energy required to transfer the excited electron fhenvalence banfi/b) to
the empty conduction bar{db). The superoxide radical is generated by the reduction of the
adsorbed oxygen on the phatdalyst as shown in equation 2Bnhe superoxide ions then
react with water molecules to produce hydroxyl i(@bl) and peroxide radical&IOH).
e+ —» 0O,

2.3

The hydroxyl radical is formed from the oxidation of adsorbed watgyositive holesvhere

it is adsorbed as Olds shown in eqti@ns 2.4 and 2.5

HyOuget ' ———— » OHAge+ H' (2.4

h* + OH' ags > OH s (2.5
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The hydroxyl radical is highlpxidizing and it attacks pollutants in the solution (Equation

2.6).

OHﬁds + organics > £0 HO0 (2.6)

A simplified mechanism for the activation BiO, photo-catalyst is shown in Figuiz3.

H.O
Photoereduction
Adsorbed
0, O oWt + organic —> CO,+ H0
compounds
UV light
Adsorbed
H,O/OH :R OHY R + organic —> CO+HO
compounds
Photooxidation

Figure 23: Schematic representation of the activation of;Ipotccatalyst and principle of

photo-catalysis.

The overall oxidation pathwaycan be divided intdive steps(Chonget al, 2010; Fogleet

al., 1999)and these are
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(i) Diffusion of the organic contaminants the photecatalyst surface

(i) Adsorption ofthe organic contaminantto the photecatalyst surface
(iif) Photodecomposition of the adsorbed orgawicsheTiO, surface

(iv) Desorption of products from thgO, surface.

(v) Diffusion of products from thphotocatalystsurface

From the giveroxidation pathwayit canbe noted that only the organic molecules that are in

direct contact with the photcatalyst surface undergo phatatalytic degradation.

2.2.3 Preparation of titanium dioxide

There are several methods that can be used to prepare titanium dioxide tdespaine
available methods includesolvothermal, sebel process, hydrothermal, sonochemical,
microwave assisted, deposition method and oxidation methods. Some of these methods are

discussed in detail in the following sections.

2.2.3.1 Deposition methds

The methods involve the condensation of materials in thewagate to form a solid phase
material The deposition process is normally carried out in a vacuum chamber and if a
chemical reaction takes place it is called chemi@gor deposition (CVD)and physical
vapordeposition (PVD) if no reaction occurs. In CVD, there are several parameters that need
to be controlled so as to have the desired material. The parameters include pressure, flow rate,
gas composition, deposition temperature and georoéthg chamber. Djerdj and coworkers,
(2009 prepared Ti@films using VCD on diffeent substrates and they foutigt the nature

of the substrates influence size and distribution of nanograins in the films.
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2.2.3.2 Hydro/solvethermal methods

The solvdhermd and hydrothermal methods asemilar except that the solvent used in the
solvothermal method is not aqueous and temperatures can be elevated much higher
(Byranvandet al, 2013). Solvothermal method has better control of, af@perties such as

size and shape distributions and crystallinity than the hydrothermal method. Synthesis using
these methods is usually done in autoclaves under controlled pressure and temjémture.
temperature and the amountsoiventadded tahe autoclaveletermine thenternal pressure
producedSeveral researchers have used these techniques to prepamaioparticles (Yan

et al, 2013; Gaet al, 2001 Mohanet al, 2013 Huanget al, 2008.

2.2.3.3 Oxidation method

The direct oxidation methods involve the fotioa of nanostructured Ti£by the oxidation

of titanium metal using oxidants or anodization. Wu andvodkers produced crystalline
TiO, nanoro@ by directly oxidizing titanium metal with hydrogen peroxide (\Wu al,
2005). Ryu et al prepared Ti@anotuies by the anodization process using commercial pure
titanium foil (Ryu et al, 2008). The process was performed in a solution ofAN&hd

malonic acid using voltages between 5 and 20 V at ambient temperature (22 °C).

2.2.3.4 Solgel methods

A sol-gel praess is the conversion of a precursor solution to an inorganic solid through
polymerization reactions induced by watdt. involves the formation of a colloidal
suspension called a sol that is formed from hydrolysis and polymerization reactions of the
preairsors. The precursors are normally inorganic metal salts or metal inorganic compounds
such as alkoxides. Whethe polymerization process mccompanied by removal of the

solvent, there is transition from the liquid sol to a solid gel phasbe methods promising
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for TiO, synthesis or other inorganic nanomaterials when compared to other preparation
methods bcause it allows the use @mperatures of less than 100 and molecular level
homogeneityOne of the most attractive features of this methothéspossibility to shape the
resulting nanomaterial into different forms of interest such assfilliéns and monodispersed

powdes (Cushinget al., 2004)

Most metal alkoxides that are normally used in thegeblprocess are generally very reactive
herce modifiers or chelating ligands such fasliketones, carboxylic acids or other complex
ligands are added to control the reactivity (Agtaal, 2008). The process usually proceeds via an
acid-catalyzednhydrolysis of titanium (IV) alkoxide followed byondensation. The formation of
the T+O-Ti chains with a low water content and the formation of Ti({#sfJavoredby high rates

of hydrolysis Byranvandet al, 2013)

2.2.4Parameters affecting TiG, efficiency

The parameters which affect the efficiendyaophotecatalytic oxidation process include

initial concentration of the contaminant, light intensity and wavelength, presence of inorganic
ions, temperature, pH, reactor desigatalystioadingand oxygen content (Grozesetal,

2013; Mozia et al, 2005). Besides the parameters discussed above, the rate of free radical
generation and the extent of contact between organic compounds and radicals also determine
the efficiency of advanced oxidation proces3dse adsorption of organic compounds on the
phao-catalyst is often considered to be a prerequisite for the jegadation of the
organics hence affecting efficiency but other studies suggest it is not required as’the OH
radicals are capable of diffusing into the solution to react with the pdiu(&araet al,

2002). The OA radicals are highly reactive hence they cannot diffuse far meaning the

reactions have to take place close to the phatalyst surface (Mineret al., 1992).
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2.2.5Advantages of TiO, photo-catalysis

Photocatalysisusing TiO, photocatalyst has several advantages and these include:

) Oxidation of organic pollutants in the ppb range.

(i) Non-selective destructiomrganic contaminants under normal temperature and
pressure.

(i)  Oxidative and reductive reactions occur simultaneously

(iv)  Thephotocatalyst is adaptable to specially designed reactor systems

(V) Uses oxygen as the only oxidant

(vi)  Effective for inactive contaminants such as alkanes and their derivatives hence
making it possible for cleaning oil spills (Hellet al, 1994) and dyes fro

industrial effluent (Kiwiet al, 1993).

2.2.6Shortcomings of TiO, as a photecatalyst

Besides all its advantages mentioned in the previous sectiop,h@igddisadvantages in its
applications as a photmatalyst. The major drawback is its wide band gaganing that it
only absorbs UV light which is only 5 % of the total solar spectrum. Absorption of visible
light which is the major part of the solar radiation is prevented hindering efficient-photo
catalysis hence a lot of effort has been made to fingswé resolvingthis problem Some
attempts of modifying Ti@to achieve efficient photoatalysis using visible light has been
made (Shaet al,, 2002; Nyamukambat al, 2012; Mungondoret al, 2013; Kuvaregat al,
2011). Another disadvantage thie tse of TiQ as a photecatalyst is the high recombination
rates of photayenerated electrehole pairs. It is believed that this recombination is one of
the main reasons for the low efficiency of the TFi@hotocatalyst. The electrehole
recombination timg10? s) is shorter than the time for chemical interaction with adsorbed

species which is in the range®@0° s (Fanet al, 2013). It is only the photgenerated
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charges that successfully reach the semiconductor surfaceahatipatein the phote
catalytic reactions hence efficient charge separatitimeikey to good photeatalytic activity

of the semiconductor. The last key challenge on the use of i$i@@s use as a powder.
Immobilizing it on a support has been found to reduce its efficientywben used as a
powder, the filtration step is required which adds extra cost to develop commercial

applicationsand the powder form limits the penetration of light due to the shadowing. effect

2.3 Madifications to enhance TiQ performance

To overcomehe shortcomings which reduce the wide application of, BOa photecatalyst,

a lot of researcherdhave attempted to improve pheatatalytic activity using various
modifications which can be categorized into three approaches, (i) quantum vyield
improvementwhich include creation of oxygen deficiencies (Nakajigtaal, 2001), and
crystal structure modifications (Zhang Banfield, 2000) all of which affect photoatalytic
activity, (ii) Extension of light absorption from the UVgien into the visible regiorby
dopingwith metals and/or nemetals(iii) suppression of electrehole recombination rates
which can be achieved by deposition of plasmon elements which act as electron traps aiding
separation. The modifications includenoble metal loading, ion dopinganion doping
addition of electron donors, dye sensitization, coupling with low band gap semiconductors

andnoble metal loadin@plasmon metal enhancemewntyich is the main focus in this study.

2.3.1 Doping

Doping is theaddition ofimpuritiesin a catrolled manneto intrinsic semiconductors to
alter their propertied=rom the present semiconductor technologies, it is well known that the
incorporation of impurities or defects into semiconductor lattices is the primary means of

controlling propertie®f the semiconductor (Bryast al, 2005).Doping of the TiQ photo
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catalyst can be done using either cations or anions and to achieve maximum efficiency, the
optimum dopant level should not be exceeded otherwise the-patatigtic activity decreases

(Ma et al, 2014). Different dopants have different electhme trapping capabilities on the
surface or during interface charge transfer due to their different positions in théaiicz
(Shahet al, 2002) Doping improves physical properties such ashhaogystallinity, high
specific surface area apdomotessmall crystallite size. Nyamukamiea al, (2012 reported

that carbon and nitrogen dopants helped to control the crystallite size ctlope@TiO,

and increased its surface arégh surface aremacanenhance adsorption resulting in high
photo-catalytic activity.It is quite clear from literatar thatsmall crystallite sizevhich results

in high surface area increasthe efficiency of TiQ photocatalyst lnt, care must be taken

not to reduce theparticle size below the Bohr radius of the semiconductor. This is because as
the particle size decreases below the Bohr radius of the semiconductor material, the electron
becoms more confined in the particle resulting in the increase in the band gapyenerg

(quantum confinement effect) (EuséisEl-Sayed 2006).

Both metaldoping Rahulanet al, 2011)and nonmetatioping Sathishet al, 20(%5) were
proved to reeshift the #&sorption edge to lower energies thereby enhancing the -photo
catalytic activity. For years, doped Ti@hotocatalysts have been prepared using different
methods and experimental conditions hence it is difficult to summarize optical mechanisms
and photecaalytic properties. Generally dopants are considered to reduce band gap,
introduce midgap states (Nowotnet al, 2007), improve chargearrier separation and
promoteadsorption of reactive species such as hydroxyl radicals (Fetreh 2005). The
postion of the incorporated heteroatom in the lattice of;Ipladys a major role in the band

structureand there are two sitesierstitial and substitutional) which are possible for doping.
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It is believed that the occupation in the stiotional position kers the bandgap more

effectively than doping ithe interstitial position (Palanivekt al, 2007).

2.3.1.1 Metal doping

When cations are used to dope 7i@n impurity level could be introduced in the forbidden
band which acts either as an electrooeptor or donor thus allowing visible light absorption.
Due to their unique-drbital electron configuration, transition metal doping also modifies the
conduction band or the valence band resulting in improved pl@tocatalytic activity
(Wanget al, 2014).Shahand coworkers (2002hvestigatedhe effect of doping wititNd®*

P, PE*, and F&" on the photecatalytic degradation a2-chlorophenol and they fouritat

Nd** andPd* improvedTiO, performance, Bt showeda very small decrease and¥evas
detrimental to the photdegradation procesSkahet al, 2003. Numerous metals have been
investigated and controversial results have been reported in literature and different models
have been proposed to explain the phenomena. &ttbcoworkerg2010) investigated the
effects of doping Ti@with 13 metalions and they foundhat all metal ions extended the
absorption of Ti@into the visible region except AgRb', Y** and L&". Li and coworkers
(2007 studied the effect of doping with alkalirga metal ions (BE, Mg?*, C&*, SF* and

Ba’") and all improved hydrogen production but only with optimum loading. The study by
Wang and coworkers showed that most transition metal doping could reduce theamt
gap leading to improved phetatalytic activity and still maintain strong redox potential
(Wanget al, 2014). Polycrystalline Ti@photo-catalysts doped witMo, Cr, W, Fe, Co, V

and Cuwere prepared by Di Paola andworkers, (2002 and they found that Ti$doped

with W was the most effient in photedegrading 4nitrophenol and benzoic acid.
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Although metal ion incorporation in the Ti@rystalline matrix was found to significantly
influence photecatalytic activity there aresome shortcomingshich are controversiauch

as lack of relble controllability of the doping structyréncrease in charge carrier
recombination rates and interfacial electtoamsfer rates (Chat al, 1994: Diwaldet al,

2004) The controversyis partly due to the difficulty in establishing valid direct c@mpons

and dravung conclusions abouhe effect of metal ion dopant on phatatalytic activity of

TiO, due to different experimental conditions utilizing parameters that are inconsistent and
different sample mparation methods. Choi and-workers, (1994) concluded that the
relative efficiency of the cation depended on whether it servedesombination center or

asa mediator of interfacial charge transfer. They claimed that the role played by the cation
depended on (i) the concentration of the dop@n dopant distribution within the particles,

(i) dopant energy level within the lattice of the phattalyst, (iv) intensity of the incident

light and (v) electronic configuration of theemergy levels. Therefore the total induced
changes in photoatalytic activity are a result of the changes in the light absorption ability of
the photecatalyst, adsorption capability of substrates on the ptetlyst surface and rate

of interfacial charge transfer.

2.3.1.2Nonmetal doping

Doping with nonmetaions has been shown to be effective in inducing ;Tél@ctronic
modifications through the creation of oxygen vacancies without significant changes in the
photoc at al yst 6 s opt i eHarlera& Pugarin.p2010)o This i€ ¢etnovgrsidl o
as mostesearchers who studied nonmetal doping concluded that, nonmetals narrowsthe TiO

band gap resulting in the semiconductor absorbing in the visible region.
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Nitrogen is one of the most studied FiQopants for shifting spectral response into the
visible region. Mungondori and Tichagwa2013 reported that nitrogen doped TiGs
capable of degrading methyl orange under visible light irradiation due to reduced band gap
energy. Up to date researchers have come up with several opinions to describe noodificati

mechanism of Nloped TiQ which results in visible light absorption and these include;

(1) Creation of oxygen vacanciesirom the series of experiments conducted by
Kuznetsov & Serpong20060on doping TiQ with N, C and S, it was proposed that
the visiblelight activity of TiO, was due to oxygen vacancies formation. lha.et
2003 repored that the oxygen deficient sites formed at the grain boundaries are

important for prevention of rexidation and promotion of visible light absorption.

(i) Band gap naowing; It is generally considered to be an effective approach for
improving visible light driven photoatalysts. Mosresearchers proposed that when
nitrogenis used as a dopant,stibstitutes some oxygen atoms in the lattice ok, TiO
and reducethe banl gap by mixing/overlapping of the N 2p and O 2p stéfths is
possible sincghe N 2p and O 2p states have energies that are very close and the

atomic radius of nitrogen is similar to that of oxyg&haoet al., 2008)

(i)  Impurity energy levelsThe N dged TiQ optical absorption red shift into the visible
region was explained by means gifin-polarized GGA calculations which showed
that the N 2p states were localized above the O 2p valencs péaddntin et al.,
2005) Electrons are excited from the purity energy level when illuminated with

visible light. This is illustrated in Figur24.

28



H,0
Photereduction
Adsorbed
o) 0/ OH* + Organic —> CO+H;0
compounds
Visible light
Tidd/ -~~~ &x~-"~""~"~"-""---
N 2p
O2p
Adsorbed
H,O/OH :R OH'R* + organic —> CO+H.0
compounds
Photceoxidation

Figure 24: Schematic representation of visible light activation etidpped TiQ photo

catalyst and photoatalysis.

Besides nitngen, there are other nonmetals that can be used for dopingamithese
include C, |, F, P, B, S, Cl and Branget alco-doped TiQ with carbon and nitrogen and it
resulted in enhanced phetatalytic activity which they concluded as due to oxygeraneyg
states and formation of ¥ispecies in the band structure (Yagtgal, 2008). Cedoping of
TiO, with carbon and nitrogen was also found to be effective in the jeg@adation of

methylene blue under visible light irradiation due to tbadiicialeffects from both dopants

(Zhang & Song 2009;Yanget al; 2008).
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2.3.2 Dye sensitization

The use of sensitizers on TiQo utilize visible light has been an area of interest in
photochemical energy conversion and degradation of toxic substanceserdigzers are
normally quantum dots or organic dyes both of which have the disadvantage of low photo
stability and lose of the dye due to mineralization during phatalysis resulting in the
lowering of TiG efficiency or even losing its responevards visiblelight. The sensitizers
are visible light absorbers which collect the radiation and transfer its-pRotied electrons
to the semiconductor. Hirano and coworké800, sensitized platinum loaded Ti@owder

by Ru(bpy)s>", tris(bipyrimidine)Ru(Il) and porphinegor efficient H, production from water.
Furlong and coworker$1986 also achieved fevolution under visible lighafter adsorbing
tris(2,2-bipyridine-4,4-dicarboxylic acid)ruthenium(llfRu(dcbpy)) sensitizer on platinized

TiO, patticles.

The dye absorbs energy and becomes excited resulting in an electron transfer from the dye to
the conduction band of the semiconductor. The injected electron reacts with surface adsorbed

oxygen yielding Q&(Equations 2.72.9) leading to the redtion of organic compounds.

Dye + hv — Dye 2.7
Dye + TiO, — > Dye**+ TiO,( e Z) 2.8
TiO,(eZ) O + —> TiO, + OZZ 2.9
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2.3.3 Coupling

Generallyno single semiconductor excels in efficient light absorption for pbatalysis
hence combiing two semiconductors synergistically will compensater tiredividuual
weaknessThe coupling of TiQwith a low band gap semiconductor results in an increase in
the photeresponse, efficient charge separation, increasedirie of charge carriergnd an
enhanced interfacial charge transter adsorbed substrates resultinge@nhanced photo
catalytic activity ofthe TiO, semiconductor. Under visible light illumination, the low band
gap semiconductor coupled to Tif3 photeexcited producing electrom that travel through
the semiconductor to the naativated TiQ nanoparticles. These injected electrons are then
transferred to the TiOsurface to form a superoxide radical which attacks water producing
strongly oxidising hydroxyl radicals. The commamsconductors and metal oxides that can
be coupled with Ti@Qphotocatalyst include ZnO, CdS, WOMNnO,, MoO;, Bi»S;, SnQ and

In,Os. Among these, CdS received the most attention.

Semiconductors coupled to Ti@lso significantly reduce electrdrle recanbination due to

the heterojunction space between the two semiconductors which allows effective charge
separation. The charge separation is due to the difference in the conduction band (CB) and
valence band (VB) potentials of the two semiconductors whikesithe electrons and holes
move in opposite directions to accumulate on different semiconductoretaée2014). For
efficient charge separation, the placement of the individual semiconductor should be

appropriate and the thickness of the coverimgisenductor should be optimal.
Gopidaset al, (1990 reported that methyl blue was almost completely degraded by
CdS/TiQ, photocatalyst under visible light irradiatiot. has beerreported that the use of

SnG/TiO, composite system increased the phadgradation of textile dyes by ten times
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since electrons were transferred from @B to SnQ CB and holes from VB of Sndo VB
of TiO, (Vinodgopalet al, 1996; Wanget al, 2009). The photgatalytic decomposition of
1,4-dichlorobenzene was found to rease by almost six times when /@O; coupled

semiconductor was used compared to pure {80nget al, 2001)

2.3.4 Plasmon metal enhancement

The recent development of surface plasmon resonance (SPR) hastipavesly for an
opportunity to overcome & low efficiency of semiconductor phetatalysts. The
incorporationof plasmonic nanomaterials onto semiconductors gives an alternative and
promising way of improving both the phetatalytic activity and solar energy conversion of
the semiconductorsThis introducton of metallic nanostructuremim a semiconductor to
enhance of photoatalytic activity by song plasmonic effect has receivatiention recently

(Xu et al, 2013). There are several ways in which the SPR of the plasmonic materials
improvesthe photecatalytic activity and these include: (i) extension of light absorption to
low energy, (ii) excitation of electrons in semiconductors by transfer of plasmonic energy
from metal to semiconductor, (iii) increase in light scattering (iv) reductiagidctrorhole
recombination and (v) direct electron transfer from metal to semiconductor. The mechanisms

are explained in detail in the next section.

The deposition of Au nanoparticles on FTias found to enhance the phaiatalytic activity

of TiO, under visible light in the degradation ofgzopanol and acetic acid (Kowall al.,

2010) and oxidation of alcohols to carbonyl compounds (eagd, 2010). Au nanoparticles

were also deposited on other semiconductors other thanstich aZrO, and SiQ and they
showed efficient selective oxidation of hydrocarbons and other organic compounds such as

CH3OH and HCHO (Chen et al, 2008). Liu et al, (2011) demonstrated plasmonic
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enhancement of photmatalytic water splitting under visible light which shalvap to 66
times more wit addition of Au nanoparticled.iu et al, (2014 also reportecthat the
deposition of silver on Ti@nanosheets improved the phaatalytic activity of TiQ. It was
found that the photecatalytic degradation of phenol red andtiye orange was highly
improved by the addition of Ag onto Ti(hotocatalyst under visible irradiation (Sheh

al., 2015).

Gold and silvelhave phto-catalytic activities but thegre lower when compared to plasmon
enhanced Ti@where there is a syrgistic interaction between thgasmon nanoparticles and

TiO, photocatalyst(Hintshoet al, 2014) The use of AdTiO, composite on the degradation

of RhodamineB was studied by Zhoat al, (2012 and they foundhat the decolourization

of the contaminanwas significantly enhanced by the Au nanoparticles. Gogtdall, (2013
prepared Au/CiriO, nanoparticles using a sgkel method for photoeduction of Cr (IV)

and the presence of the noble metals showed enhanced activity when compared tozbare TiO

naroparticles.

The use of Janus ATiO, nanostructures for hydrogen generation was reported bgtSeh
(2012 and they proved to be effent plasmorenhanced visibKight photcecatalysts due to
stronger localization of plasmonic field§lanus partickearenanoparticlesvhose surfaces
haveat least twdistinctphysical propertids They foundthat the photecatalytic activity of
the Janus nanostructures increased waftincrea® in the size of the gold nanoparticles due

to their stronger plasmonic nefelds.
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2.3.4.1Mechanism of enhancement

There are severapossible mechanisms of TiOenhancenent by plasmonic metal
nanostructures and these includ®; plasmonic ahancement oflight absorption and
scattering (ii) direct transfer of plasmonic energy from metal to semiconductor which is also
called plasmonic induced resonant energy tranafedt (iii) reduction of electrehole

recombination rates

(i) Direct electron transfer (DET)/Visible light sensitization

Xiang et al, (2013 reported that whenhe incident photons are absorbed by gold
nanopaticles, there is injection oélectrors from gold into the conduction band of TyO
which will then be scavenged by oxygefthis happens when the metal and FiO
nanoparticlesare in direct contact and also if there is a match of the metal electron energy
level with TiO, conduction bandPrimo et al, (2011) proposed a mechanism similar to that

of Xianget al, (2013 for the degradation of-@ropanol but in their mechanism the resulting
positive gold oxidizd 2-propanol to form the initial zerealent metallic stateKowalskaet

al., (2010 also suggdsd a similar mechanism fayold nanoparticlesAuNPS. Gunawan

and ceworkers, (2009 demonstrated that when AgO, is exposed to light of wavelength
greater than 450 nm, it results in the excitation and reverse flow of electrons from silver to
TiO, overcoming the Schottky barrier. This absorption of visible light by noble nanoparticles
to activate the photoatalyst is an essential mechanism of plasmonic ptettlysis as it
enablegshe creation of active electrons and holes in Jfbotocatalyst everwithout light

absorption by Ti@ This DET mechanism is illustrated in Figure 2.5.
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Visible light

Metal NP

Figure 25: Schematic illustration of the proposed mechanism of activation of vigQdirect

electon transfer.

(i) Plasmonic induced resonant energy transfer (PIRET)

PIRET involves the direct transfer of the plasmonic energy from the metal to the
semiconductor resulting in charge separation in the semiconductorgdtatgst. It allows

charge trarfer even below the photbat al yst 6s band gap energy.
proceed also when the there is an insulating layer between the semiconductor and the
plasmonic materialGushinget al, 2013. It is a nonradiative transfer of energy from the

localised surface plasmon resonance (LSPR) of the metal to the transition dipole of the
semiconductor which results in the excitation of the electron in the semiconductor as
illustrated in Figure 2.6a. In other words, the plasmon metal nanoparticles genenage str
electric fields which strongly couple @ptical transitions involving localized electromsitates

in TiO, resulting in enhanced optical absorption and generation of eldubtenpairs.Its
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strength depends on the distance between the plasmonicametile semiconductor, as well

as the overlap of absorption band of the semiconductor with the LSPR resonance band.

(b) Reduction
a .
: )LSPR ¢ hv <
e cB
% I 8. _Q o
3 ?/l/LISemI-
conductor
Plasmonic
Metal VB
PIRET

Oxidation

Figure 2.6: Schematic representation of surface plasmon enhanced -gdtatgsis
mechanism via (a) PIRET (Scott & Ningiang., 2013) and (b) electron trapping by the metal

nanoparticle

When compared to DET, PIRET depends on spectral overlap and does not require physical
contact between the plasmonic material and the semiconductor. It is important to note that

both processes can coexist depending on the parameters of the material.

(iii) Electron capturing by metal nanopatrticles

Previous studiesn the use of plasmon elememave showrthat thedepositionof noble

metals reduceshe recombination ofhe photegenerated electrdhole pairs (Liu et al,
2014).The contact between semicarotior photecatalyst and the noble metal nanoparticles
creates a Schottky junction which enhances the separation of charge carriers and suppresses
their recombination. \Wen Au/TiQ is irradiated with UV light, electrons in the conduction

band of TiQ migrate to gold nanoparticles whidrct as an electron reservoir (Alvagbal,
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2010)as shown in Figure 2.6bThe enhancement can also be explained in terms of energy
differences. For instance, in silver decorated ploatalyst (AgTiO,), the Fermi level oAg

is lower than the energy level of the bottom of the;IéGnduction band hence the electrons
will transfer from TiQ to the deposited silver nanoparticleéu et al, (2013 suggested that
after the electron transfer from silver nanoparticlesNWRRg to the conduction band of TD

the resulting positively charged Agan oxidize organic molecules

(iv) Light absorption enhancement

The semiconductor os |l 1 ght absorption IS en
increasing the optical path lengthdaconcentrating the incident fiel@he generation of the

intense electric fields by plasmon elements results in an increase in the probability of
interaction between light and TiOsemiconductor in close vicinity to the metallic
nanoparticles. The heagjreffect produced at the surface and immediate vicinity of the metal
nanoparticles heats up the environment around the nanoparticle which is believed to increase
mass transfer of theolecules and enhancing the rate of reaction (Zledrad, 2013). This
phenomenomepends on particle size, light intensity and heat conductivity of the surrounding
medium Adlemanet al, 2009). The surface plasmon also polarizes the molecules of the
substance to be degraded resulting in the enhancement of its adsorptidmeomietal and

photo-catalyst surface (Zhargg al., 2013).

(v) Metal nanoparticles participation

When a noble metal absorbs photons, it experiences electronic transitions which can be
divided into intraband and interband electronic transitions (Hopk204.0).SinceUV light
exceeds the minimum energy that is required for interband transitions in,nmethtsuld be

able to initiate electron excitation from filled valence band to unfilled conduction band. It is
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therefore expected that the generatedtedadiole pairs in these metals participate in redox

reactions giving high photoatalytic activitiesas shown in Figure 2.7

Adsorbed

OH OH” + organic
___________ compounds

|

CO, + HO

Figure 2.7: Schematic representation of plasmon metal participation in jaadédysis.

2.3.4.2 Surface Plasmon Resonance

Plasmons are defined as the collective osailieti of free electrons with respect to fixed
positive ions in a conducting solid material and it is an important property of mehas.
resonant interaction between the surface charge oscillation and the electromagnetic field of
the light gives rise to abgption andscattering of light (KEenget al, 2006).When light is

below the plasma frequency, it is reflected because the electrons in the metal screen the
electric field of the light and when the light is above the plasma frequency it is transmitted
because the electrons cannot respond fast enough to screen it. Surface plasmons are
oscillations that are confined to the surfaces of conducting materials and interact strongly
with light whereadocalized surface plasmon resonance (LSPR) is a result aotlestive
oscillation of conduction electrons within the metallic nanopartieled metallic

nanostructurew/hen it interacts with lightsillustrated in Figur@.8,
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Figure 2.8: Schematic illustrations of electron chargspthcement in (a) Surface plasmon

resonance (SPR) and (b) localized surface plasmon resonance (LSPR)e{&bn2611).

2.3.4.3 Fundamentals of plasmonics

Spherical metal nanoparticles are the simplest and most fundamental structures to study the
bass of plasmon phenomena. The understanding of how light interacts with plasmonic metal
nanoparticles is necessary for applicatiorfge interaction of light with mattexspecially the
condition where the material size is less than or equal to incidehtwmlrelengthhas been

an interest for most scigsts for a long timeln 1908, Gustav Mie established a versatile and
relatively simple analytical solution to equations on the scattering of light on spherical
particles. It is based on the assumption ttat electromagnetic field interacts with the
particle and results in an induced charge separation on the surface of the partialenetal

nanoparticle to support localized surface plasmon resonance, it should have the following
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properties: (i) its dimesions should be less than the incident radiation wavelength, (ii) the
imaginary dielectric constarft ) should be positive and small, and (iii) should have a negative
real(- ) (Willets& Van Duyne., 2007). This can be illustrateg Mie theoryfor calculating the

extinction cross section &) of a metal nanospheie equation 210 (Huang & EtSayed., 2010).

——— 888888 @M T
= 8

wherear | s t h #h ofvunaideset ligatnRyis the radius of the sphere,is the real part and
- is the dielectric constant of the surrounding medwhich is related to the refractive index

of the medium by € . For the particle to be in resonanche denominator of the

expression in brackets should approach zero, allowigdCbecome exceedingly large. Hence,
the optical absorption (9 and scattering (&9 by the particle becomes extremely strong. This
occurs when is approximatelyequal to ¢- so that the denominator of the expression is

small and imaginary. Equation 2.1&termines the shape of the absorption band of the particles

while the bandwidth and peak height are approximated by

The theoretical plasmon freguncy of a small spherical nanoparticle is given by the following

equation 2.11

5 L g88888888@m®p
0_

where] is the plasmon frequency. Hence the resonant peak of a spherical nanoparticle

should vary with the medium that sounds it.
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2.3.4.4 Origin of surface plasmon resonance in noble metal nanopatrticles

In ametal, the free electrons (d electrons) are free to travel through the material. When light
is in resonance with the surface plasmon oscillation, it causes the dote®$/conduction

band electrons in the metal to oscillate. This resonance condition is established when the
frequency of the light matches the natural frequency of the valence electrons oscillating
against the restoring force. As the wave front of tghtlpasses, the electron density in the
particle is polarized to one surface and oscillates in resonance with the frequency of light
causing a standing oscillation. This plasmonic oscillation occurs at a specific resonance
wavelength that is dependent dné parti cl eds properties and
host medium. Change in shape and size of the nanoparticle also changes the surface geometry
resulting in a shift in the electric field density on the surface and this causes a change in the
oscillation frequency of the electrons (Euisaisl, 2006). The oscillation frequency for gold

and silver is usually in the visible region giving rise to the strong surface plasmon resonance
absorption. Metal surfaces as a support for plasmonic structunethbesdvantage of direct

electricalcontact Marcuset al, 2008).

2.3.4.5Factors affecting optical properties of metal nanoparticles

The electronic, optical and catalytic properties of metal nanoparticles are greatly influenced
by factors that affecthe electron charge density on the surface of the nanoparticle such as
their size, shape, crystal structure, size distribution as well as the environment which
surrounds themThe frequency of resonance i.e. the wavelengths at which resonance occurs
can bechanged by varying the size of the nanoparticles, shape, materidietextric of the
environment surrounding the parti¢keolwas et al, 2009; Mocket al, 2002; Kafenget al,

2006). All these aspects affect the polarizability or how easily ther@tsctmove through
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and away from the crystal latticAmong the factors that affect the optical properties of the

metal nanopatrticles, the most important are;

) Shape effects
The plasmon resonance is heavily impacted by variation in particle shape eMd¢k002
found that a simple heat treatment of the silver nanoparticles can modify the shape of the
nanoparticles resulting in a change in its optical plasmon resonant properties. When spherical
metal nanoparticles are transformed into other shapes su@narods and triangular prisms,
the surface plasmon resonance is affected strongly, typicalghiithg and splitting dipole
modes KHao & Schatz., 2004)lhe change in the plasmon resonance energiesawitiange
in shape is due to the modificationtbie coupling strength between the electron cloud and
the ionic core of the particlélighly symmetric spherical particles exhibit a single scattering
peak whereas anisotropic shapes such as rods, triangular prisms, and cubes exhibit multiple
scattering paks in the visible wavelengths due to highly localized charge polarizatitims at

corners and edges (Mi£908)as illustrated in Figure 2.9

The other reason®r the multiple peaksre thatthe noasymmetric particlexan interact
with light differenty based on orientatioand that there is difference in the size of allowed
surface modes in different directiorir instance, gold nanorods have been showrat@
two plasmon resonances, one due to the transverse oscillation of the electrons 28ommd 5
and the other due to the longitudinal plasmon resonance at longer wavelengdysdé|
2001).Hao et al, 2004, foundhat theplasmon resonance peak of gold is-skdted from
500530 nm for spheres to 690 nm for the branched Au particles. Mboek, (2002,
prepared triangular silver nanoparticles ethbecame more roundistith heat treatments at

200 °C causing thelgsmon spectral peak to shift to lower wavelength.
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Figure 29: Schematic illustrations of effectsf change in metal nanoparticle shape on the

LSPR spectra (Eustis & 8ayed., 2006).

(i) Size Effects
Mie theory plays an important role in describing the optical properties of metal nanoparticles
and one of its important uses is in describing the sipertdence of LSPR. The theory easily
describes the broadening and red shifts of the dipole plasmon resonance with increase in
particle size flao & Schatz., 2004When particle size is increased, the ratio of scattered
light to absorbed light increases (Letal, 2005), and the corresponding spectra are red
shifted (Mocket al, 2002). Classicatlectrodynamics theory predicts a blue shift for the SPR

as the size of the nanoparticle decreases. Both red and blue shifts of the SPR frequency have
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been report@ as the size of the nanoparticles decreases (Kreibig & Vollmer., 1995; Kreibig

& Genzel., 1985)For instance, the plasmon resonance of silver can be shifted from the UV
range into the visible range by reducing the size of the nanoparticles{tébu2012). The

plasmon resonance of gold can also be shifted from the visible range into the infrared
wavelength range byeduceng the nanoparticle size. Classically, the resonance wavelength

shifts to higher wavelength as the particle size increases becauSeulombic coupling of

the regions of the negative and positive su
increases. When the size of the nanopatrticles is reduced, there is size confinement of the

conduction electrons which influences consitiraéhe electronic and optical properties.

(i)  Distance between metahanoparticles
The resonant wavelength of two coupled particles in close proximity isshiéed
significantly from that of the individual particles and the shift decays almost exponentiall
with anincrease in particle spacing (8tial, 2003) due to reduction in the overall resonance
energy of the particle paiWell separated metallic nanoparticles and nanostructures whose
dimensions are smaller than the wavelengths of the exciting dightcharacterized by a
broad, intense absorption band in the visible region (Hutter & Fendler, 20&te will be
no interaction of th localized surfacel@gsmon resonances if the gap is not within 2.5 times

the size of the particle (Sat al, 2003:Funstonet al., 2009.

2.3.5 Properties of plasmon metals used in this study

The chosemoble metals used in this stuaypper (Cu), silver (Ag) and gold (Au) all belong

to Graup 11 of the periodic table and thetothbitals are completely filled.
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2.3.5.1Gold nanopatrticles

At 560 nm @Id nanoparticles exhibit an absorption band in thgbie region that $
responsible for the differerdolours in gold colloids.Balamuruga & Maruyama (2005)
reported that gld nanopatrticles strongly absorb both visiliggl andultraviolet lightdueto
the interband transitiorZzhu et al, (2009 reported thathe goldphoto-catalysts showed a
higher catalytic performancén the degraction of dye sulforhodamin® (SRB) under UV
irradiationwhen compared to degradationder blue lighit of wavelengthbetween400 and
500 nm They also observed th#te gold nanoparticles weeable to oxidize phenol under
UV light which they could not oxidize under visible ligltt shorter wavelengths, intenba
absorption in noble metals m&ée due to the transition of an electron from the occupied d
level to the conduction band empty staM#hen gold nanoparticles are supporedTiO,,

the resultingmaterialis purplé brown in colar due to thecharacteristic surface plasmon
band of gold Haruta, (1997) showed that the catalytic activity of gold comes from the
nanometric size andisappears completelyhen the size of thgold particlesarelarger than
20 nm. But in photeatalysis under visibleght irradiation, larger gold nanoparticl@sth
high polydispersity in size and shape are desirable to enhance thecptadytic activity of

TiO..

2.3.5.2Silver nanoparticles

Silver nanoparticles display intense aot®due to tb plasmon resonance absorption arel
extraordinarily efficientat absorbing and scattering light. A unique property of spherical
silver nanopatrticles is that the SPR peak wavelength can be tuned from 400 nm (violet light)
to 530 nm (green light) by changing the particle size and the local refractive index near the
paticle surfaceJenseret al, (1999), reported thakg nanosphereof diameter 20 and 100

nm havesurface plasmon pealks about 370 and 600 nm, respectiv@lge nanoparticles are
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good antibacterial agest Guzmanet al, (2009 investigated the antimicbaal activity of
silver on Staphylococcus aureus S. aurgkscherichia coliand Pseudomonas aeruginosa

andthe results showed high inhibition gfowth and multiplication of the tested bacteria.

2.3.5.2Copper nanopatrticles

Copper is the most widely usetktal in electronics due to its high conductivity and low cost.

It is prone to surface oxidation forming mainly Quand a little bit of CuO. Chaet al,

(2007) prepared copper naspheres of diameter 390 nm and they exhibited a very broad
LSPR and thewttributed thisbroadening of the LSPR peakttte presence of copper oxide
shell surrounding the copper metal core to form a-sbedl nanoparticleYeshchenk, (2013)
studied 1759 nm Cu particles embedded in a silica matrix between 293 and 460 Kegnd th
found that the surface plasmon resonance energy and width depended on temperature.
increase in temperature led toed shift and broadening of the surface plasmon resonance.
Copper also allows plasmon excitation in the visible region. When comigafagand Au, it

is chemically more active and relatively cheap since it is more abundant. A summary of these

properties are shown in Table 2.1.
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Table 2. 1: Properties of gold, copper and silver

Property Au Cu Ag
Work function (eV) 4.7 4.7 3.7
Fermi energy (eV) 5.5 7.0 5.5
El ectrical -cm)es 2.44 1.7241 1.62
Temperature coefficient/°C 0.0034 0.00393 0.0038
Thermal conductivity (cal/crs-K) 0.7003 0.923 0.974
Coefficient of expansion/°C ~ 14.43x 10 16.42x16¢  18.6 x 1C°
Specific heat capacity (cattg) 0.0316 0.0918 0.0558
Melting point (°C) 1063 1083 961
Boiling point (°C) 2530 2325 1955
Hardness on Mohr scale 2.5 3.0 2.7

2.5 Applications of TiO,

There are several applicationg TiO, which can be grouped into two areas; environmental
remediation ad solar fuels applications. The most important applications include;

0] Self-cleaning of building material(Banerjeect al, 2015;Blossey, 2003

(i) Anti-fogging mirror(Hashimotoet al,, 2005)

(i)  Solar water splitting to produce hydrogen (Faml, 2013;Li et al, 2007)

(iv)  PhotovoltaicfZhanget al, 2012)

(V) Water purification and degradation of organic compourfi®| et al, 2012

Shahet al, 2015 Ochiaiet al., 201).
(vi)  Sensors (oxygen gas sensp(8henget al, 2000).
(vii)  Pigments in paints and coatindgefdahl.,1995).

(viii)  Air purification (Masahiroet al, 1999).
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(ix)  Photereduction of CQto hydrocarbon fuelHouet al, 2011)

x) Anti-bacterial and antiungal (Yadavet al, 2014)

2.5.1 Organic pollutant removal

Research onlmwto-catalysisusing semiconductors has been mainly on the removal of organic
contaminants from water as these compowudgd be completely mineralised into harmless
products. Photalegradation of different asses of organic pollutants such as polychlorinated
bisphenols organochloine compounds, organophosphore®mpounds, and phenolic
compounds has been recently reviewBammohan &Nadagouda2013) The attractive
feature of photecatalysis is the abilityot degrade a wide variety of organic compounds that
are difficult to remove with other water treatment methods. Two different models namely
slurry reactors and immobilized Ti(photccatalyst reactors have been used to degrade
organic contaminants. Slurryactors which use suspended powders have relatively high
surface area for mass transfer due to the high specific surface area of the suspended powdered
TiO, photocatalyst. Organic compounds that have been removed from water using TiO
photo-catalyst inclae herbicides Konstantinouet al, 2001), nitrophenols (Chen & Ray.,
1998; Androzziet al, 200), formic acid (Dijkstraet al, 2001),phenol andits derivatives
(ChoquetteLabbe et al, 2014) and dyesTayadeet al, 2007). Minabe and coworkers
completey decomposedlycerol trioleateand poly (ethylene glycol) (MVB00 000)on the

TiO, surface under weak UV illumination (1 mW Enwith the evolution of C@as the only

detectable gaphase produdiMinabeet al., 2000).

Due to the problem of separatingqto-catalyst from treated water when Ti@ used as a
powder, researchers have immobilized Jih different supports despite the reduction in

photocatalytic activity as a result of reduced surface amemnakoneand coworkers
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deposited Ti@ on polythene filmsfor the degradation of phenol under UV ligfietnakone
et al, 1995). The disadvantage of usipglythene filmswas the photalegradation of the
support tooBalasubramaniaat al, (2004 prepared thin films oTiO, onflat stainless stée

substates and on glass beads for the plaEgradation ofi-chlorobenzoic acid

2.5.2Photo-catalytic disinfection

Antibacterial agents are very important in industries such as water disinfection, textile and
food packaging industry. The use DO, nanopartles as disinfectants is gainimgferest

since the useof organic chemicals for disinfection such as chlorination results in the
formation of by productsuch adrihalomethanes (THM) which increase the risk of certain
cancers (Dvorak & Skipton, 2008)he small size and high sade to volume ratio of the
nanoparticles allows them to closely interact with cell membranes of micrdles.
physicochemical properties of the nanopartisiesh as shape, size and surface modifications

affect ther antibacterialpropertiefHuh & Kwon., 2011)

In Japan TiQ based antibacteriapplicationssuch as fibers, tiles and sprays have been
commercialized. Several floors and hospital wadlspecially operating rooms where sterile
conditions are crucialin Japan have den covered with antibacterial tiles (Fujishima &
Zhang 2006). Several studies have shown that the pbatalytic process using Tyan

water is effective to kill a wide range of microorganisms such as bacteria, viruses, algae,
fungi and cancer celld/erdier et al, 2014; Jacobwt al, 1998; Sundat al, 1998). Kikuchi

et al, 1997 conducted antimicrobial test of pi€bated on glass under weak UV illumination
usingE. coli suspension, containing 3 x“¢ells and they were all killed after one houneT
photo-catalyst produceshighly reactive oxygen species and hydroxyl radicals which are

responsible for killing microbial pathogens (McCullagihal,, 2007). Due to the use of both
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light andphotocatalysts the process is known as solar pho#alytic disinfection.Verdier
et al, (2014 studied the antimicrobial activity of TiksingEscherichia colCIP 53126and
they found thatthe photecatalyst was active both in the dark and under lidftis
contradicts the work oWerbruggenet al 2014 who reprted that TiQ is valid as an
antimicrobial agenonly under UV light irradiationVerdier and coworkers (2014pncluded
that, the polonged cordct in the dark led to significant antibacterial actistielue to
bactericidal effect andgrowth inhibiting effect indicating toxicity of TiQ. Most TiO,

antimicrobial tests were done agueousolutionas slurry.

Due to problems associated with the use of powdered Judh asseparating the photo

catalyst from thetreated ordisinfected water, some reseanchdave developed reactors
containing an immobilized photratalyst such as it film fixed bed reactor, parabolic
trough reactoeanddouble skin sheet reactfi(hanet al, 2012) In these reactors there is no

need for separation of the phatatalyst fran the disinfected water.

The use composites of Ti@nd plasmon metal nanoparticles have been found to enhance the
antimicrobial activity of TiQ. Yu and coworkers prepared AigO, nanocomposite deposited

on silicon wafes and they foundhat the composit displayedexcellent antibacterial activity

and better antibacterial effect than pure JaQainstgramnegative bacteriagscherichia coli
ATCC 29425) (Yu et al, 2011). Thedepositedplasmon elements can also act as
antimicrobial agents whetheyleachinto the solutioror when they are in direct contact with

the microorganismdut levels of leaching need to be lower than WHO limits
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2.5.2.1 Silveras an antimicrobial agent

For a long time silver has been known to have a disinfecting effect and érasuded in
different applications ranging from traditional medicines to culinary items, (Savithrahma

al., 2011). At low concentrations, it has been reported that silver nanoparticles doxinon

to humans but very effective against bacteria, virus @thdr eukaryotic microorganisms
(Jeonget al, 2005). The antimicrobial activity of silver containing materials allow them to be
used in various household products such as elimination of microorganisms on textile fabrics
(Yuranovaet al, 2003.,Jeonget al, 2009, medical devicesSamuel & Gggenbichler

2004), antibacterial spray and household water filtétardmbiocJones & Hoek 2010

Silver nanoparticles have been shown to be effective against bacteria staphgtococcus
aurus(Shameliet al, 2012; Shahverdet al, 2007),Escherichia col(Kim et al, 2007; Pakt

al., 2007) andBacillus subtilis(Zhanget al 2008).When silver is combined with TiXo

form a composite of nanoparticles it can be used in baby bottles and blood clotting agents to

produce antimicrobial activity (Yeo & Kang 2008).

2.5.2.2 Gold as an antimicrobial agent

Gold has antimicrobial properties and its use in a reasonable amount does not affect human
beings (Fricker, 1996). Some studies done by Létnal, (2013 on the atimicrobial activity

of gold onEscherichia coliandSalmonella typhwhich are both found in water and resistant

to silver based antimicrobials showed that gold is capable of eliminating the bacteria. When
compared to silver which have nonspecific biatad toxicity, A-NP have the advantage of
being easily surface modified, photostable and relatively nontoxic (Paatyala2008). This

means that AINPs are the best candidate where undesirable properties such as cellular

toxicity and instability are at needed.
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2.5.2.3 Copper as an antimicrobial agent

Copper nanoparticles are potential antimicrobial agents, but they have been found to be toxic
to eukaryotic cells for instance it has potentmatiamagelorsal root ganglion neuron (Prabhu

et al, 201Q. It is one of the multifunctional inorganic nanoparticles that have good
antimicrobial propertigsalthough excess copper in the human body can lead to the
generation of radicals such as Owhich are damaging (Montest al, 2014).The major
challenge a the use of GINP as antimicrobial agents therapid oxidation to C#O in air or

agueous media.

2.5.2.4 Mechanism of antibacterial activity

The mechanism of how TiOor plasmon metal nanoparticles kill arhibit bacterial cell
growth and reproductiobacteria is not fully understoott is complicated and debatalziad
researchers have come up with various theofies nanoparticleare believed to disturb the
bacteria cell growth and survival by attaching to the cells by electrostatic interactibre{Th

al., 2006; Prabhu & Poulose, 2012).

When exposed to light of appropriate wavelength, the Gigherates reactive oxygen species
such as0;* H,0, and HG'which causeseveraloxidative damageon the microorganism

such as mitochondria damage, protein denaturation, cell membrane and enzyme disruption,
DNA damage and interrupted tranembrane ettron transport. In some studies using
Eschericlie coli, the hydroxyl radicals were the major cause of the antibacterial effect
(Sunadaet al, 2003)and direct oxidation by hfrom the valence band of TQvas reported

by Nadtochenkecet al, 2008 When the cytoplasmic membraiseattacked andamaged,ti

loses its integrity involved in cellular respiration resulting in cell dedéndieret al, 2014.
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The mechanism of plasmon metal nanoparticles differs slightly from that of pusenTi@t

they are capable of producing ions easily in solution unlik®,. Kim et al, (201J)
suggested that silver nanopartic{@g)-NP) form free radicals when in contact with bacteria
which damage the cell membrane leading to cell death. &ealg (2008 proposed that the
Ag-NP release ions that inactivate importanzymes by interacting wittiheir thiol groups.
Theuptakeof the ions by the cells inhibits cell functions and damagd$ey also suggestl
thatthere is production of reactive oxygen species to attack the cells which they suspect are

produced througthe inhibition of respiratory enzymes by ions.

2.6 Photocatalyst Supports

The use of supports originates from the need to use ptaifdysts in a continuous process
where the use of powdered Ti@@ technologically impractical. Alsaehen appliedn aslurry

system, the small particles bringsues involving mass transport and excessive pressure
drops.The fine particles have a tendency to agglomerate due to high surface area and surface
energy resulting in a decrease in the reusable lifespan phtheulatephotocatalyst.Other
difficulties include separation and reusiepowdered form Ti@which hinders its industrial
application and poses a risk tecosystems and human health as a result of the release of
nanoparticles into the environmerithe pstseparation of the photwatalyst is a major
problem when it comes to th@acticabilityon an industriakcale;hence the fabrication of
nanoparticles onto a solid support seems to be awctigdeapproach to overcoming this

problem.

Various materialfave been investigated and found to be potential supports ferfdri@he

photodegradation of pollutants in water. The support can be opaque (metals, activated
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carbon) or transparengartz,glass, fused silica) (Shaat al, 2010).An ideal photecatdyst

support should have the following propert{Bsng et al, 2006).

1 No lossof the catalyst reactivity by the attachment process
1 Have a strong adsorption affinity towards the pollutants.
1 Strong adherendeetween catalyst and support.

1 Offer a high spcific surface area

1 Transparent t&JV/visible lightillumination.

1 Ease to separateom water for recycling purposes.

1 Chemically inert

The TiG, supports that have been used so far include siiam@dinet al, 2008),zeolites
(Najafabadi & Taghipour.2014; Zhu et al, 2000Q, glass plates and glass midibres
(Sarantopoulost al, 2009), glass beadslgnelet al, 2010), stainless steel (Fernhneeal.,
1995; Balasubramaniaet al, 2009, clay Hadjltaiefaet al, 2016),diatomite (Suret al,
2015), polymeric membrane@Viukherjeeet al, 2014;Singhet al, 2015. Hanaor & Sorrell,
(2014, studied the effect of usirguartz sand, rutile sarahdzircon sand as Tig&support for
water decontamination and the highest phaattalytic activity was ddeved by TiQ

immobilized on quartz due to its higHaght transmittance.

Since several supports are available for ugbstsate selection is important since its surface
chemistry and chemical composition plays an important role in determining tlity qtithe
final product. The selectivity towards supportingnoparticless provided by the wgface
chemistry of the supporThe chemical interaction betweranoparticlesand supporplays a

critical role in the formation of monolayers hence the s@ganeed to be modified to provide
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chemisorption of the target atoros particles Nanoparticles that are physically bound to the
surface with no chemical bonds are able to move on the surface because of lack of proper

bonding resulting in aggregation whics not reversible.

The use of polymers as supports for Ti@as disadvantages and these include (i) loss of the
support due to photdegradation by the photmatalyst and in such cases poly
(dimethylsiloxane) can be used to protect the polymer suppothis resultsn a decrease in

the photecatalytic activity of TiQ, (ii) some polymer supports cannot withstand the high
temperatures when thermal treatment is required for the jolatatyst. The use of less
durablefibers results in the wearing offfahe photecatalyst resulting in loss of pheto
catalytic activity with timeThe use of membranes has also been recently targeted due to the
fact that the photgatalytic reaction can take place on the surface of the membrane with
water continuously dis@nged without loss of photoatalyst particles. However in most
studies, the polymer membranes may encounter deterioration, low-gatatgtic activity

and loss of the deposited phatatalyst(Chonget al, 2010)

Natural clays such as montmorilloniteeolites and bentonite have been used as, TiO
supports due to their high adsorption capacity and cost effectiveness. Their superior
adsorption capacity is desirable for increasing the surface contact duringcpledisis.

There are a few drawbacks tme useof clay such as (i) swelling which is undesirable in
reactors where hydrodynamics may be affected and (ii) the presence of surface bound
impurities which affect the efficiency of the Ti(photocatalyst (Chonget al, 2009).
Zeolites are gooduppors for TiO, due to their high surface areggod thermal stability and

high adsorption towards orgarsompoundsout there is a problemf ¢dow light penetration,

scattering and diffractiomf UV light in the solution which results in thredudion of the
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efficiency of thephotodegradation proces€€orma& Garcia, 2004), as zeolites are also

particulates.

Having considered all the discussed facts, quartz seems t dood suppordue to its
advantages which include transparency to light which is desimala¢echni@l application
such as thelielectric barrier dischargdbBD) wherethe TiO; thin films should be placed in
such a way that there is optimal irradiation of the immobilized cat&dysnafter deposition

of thin films of photecatalyst quartzallows penetration of light which results in improved
photo-catalysis. Several researchers used glass as a support foF&iandezt al, (1995

did a comparative studgn the effect of supports (quartz, steel and glass) on the-photo
catalytic activiy of TiO, and they foundhat the TiQ immobilized on quartz had the highest
photo-catalytic activity.In this studyquartz was chosen as a support for thetpcatalyst
becaus®f its durability for instance in alkaline solutiopasy to separate, traasent to light,
relatively inert chemicallyand can be designed in way that optimaladiation of the
immobilized photecatalyst is achieved and operated continuouidie deposition of TiQis
widely done using thempregnation method which is straigbtward but the resulting films

are not homogenous and can be easily detached from the substrates whereas methods such as
chemical vapor deposition and s®l give relatively homogenous coatings (Paez &

Matousk.,2004) hence ithis study the seyjel anddeposition methods were employed.

2.6.1 Quartz support

Quartzhas a high resistance to water, salt solutions and acids and can only be attacked by
hydrofluoric acid and phosphoric acid. One of the most attractive properties of quartz is the
very low themal coefficient of expansion which is about 5.0 x'%40°C. It is a good

electrical insulator because of trerde band gap in the electrorstructure of the silicon
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oxygen bond. It is a dielectric material withdeelectric constant of about 4 whichl@ver
than that of other glasses. The low dielectric constant is a result of the laigklgfcharged
mobile ions andthe stiffness of the silicenxygen network which imparts a very low
polarizability to the structure. An important property of a dielects its capability of
supporting an electrostatic field with minimal dissipation of energy in the form of Geka

et al, 2008)

In addition to the above advantages, the study aims also to produce supportechfaigsd

with potential applicatios in he DBD system. Quartz is the commonly used dielectric in
DBD systems because of its properties discussed above. It allows light to pass through hence
it makes it possible to utilize the UV light produced in the DBD system <oittle not

wasted. The increase in the utilization of electrical plasma technology for the removal
organics has motivated the research in finding ways to utilize the UV light that is produced in
the system. The electrical plasma technology leads to the formation of oxigieicigs and

excited species. The excited species are generated from the collision of electrons with neutral

molecules and these excited species emit UV light due to relaxation to lower energy states.

For a photecatalyst to beactiveit has to be illuminad and in suspended systems it is a
challenge to illuminate all the phetatalyst nanoparticles because some nanoparticles are
shielded from light by other nanoparticles those closer to the source of light. But when the
nanoparticles are immobilized, & possible to get a configuration whereby all phastalyst
nanoparticles are irradiated for instance a thin layea toive arounda tube light (Dijkstraet

al., 2001). Hence in this studguartzimmobilized TiQ photocatalyst was used instead of

the pwdered photaatalyst.
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2.6.2 Adhesion Promoters

Quartz has awsface which is difficult for nanoparticlés stick with good adhesion hence the
use of adhesion promoters isgaramount importance if the nanoparticés to adherevell

for use in water treatment. 3-Mercaptopropyl trimethoxysite (MPTMS) an
organofunctional alkoxysilangith bifunctional moieties that have specific affinity for gold

or silver (Parket al, 1999) is a good example of an adhesion promoter. One end of MPTMS
consists of th&&H group (mercapto) and the other end an alkoxy silane. The affinity of Au to
the SH group of MPTMS allows the fabrication of films or nanostructures. Besides the thiol
group, gold has also a strong affinity for amin&hgdrathi et al, 1999) hence surfac
functionalization can be done using either thiol or amine grdequsn previous studies, it

was proverthat uniform and weltlefined films of gold or silver can be formed surface
modified quartz(Park et al, 1999). To control the fal topological film properties
interparticle distance and surface coverage, the rate of formation of the films is very

important.

The mechanism of adhesion of the silane depends upon the silanol reactivity for the adhesion
to mineral surfaces (Plueddann., 1983)The slane moieties covalently bind to the oxide
surface of glass through siloxane bonds, while the thiol groups engage in strong binding to
the gold or silver coating (Goss$ al, 1991). The alkoxy functionality (methoxy end groups)

is converted to dwe graups Gilanolg on hydrolysis.

The structure and morphology of the layers of MPTMS formed on the substrate depend on
the MPTMS concentration. Theehaviar of MPTMS on gold and their organizatiin
structure were found to be influenced by the followingeés: (i) interactions between the

alkyl chains having dispersion character, (ii) interactions between the end groups of thiols
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and (iii) interactions between the thiol head groups and gold lattice, meaning that the final

topography is a result of the bate betwen these three forces (Poirier997).

2.7 Characterization Techniques

This section of the thesis gives a brief description of the characterization techniques that were

employed in this study.

2.7.1 Atomic Force Microscopy

The atomic force neroscope (AFM) also known as scanning force microscopy (SFM)
belongsto the branch of scanning probe microscopy (SPM) designed to measure the local
properties such ahe thicknessf a film sample. It scans the surface and gives topographical
images. SFMcan probe and image samples in both aqueous and dry environments Moreno
Herreroet al, 2004). It relies on the interaction between a sharp tip and the surface of the
sample. The AFM instrument has a very fine tip mounted at the end of a small deflecting
spring calleda cantilever which is brought into contact with the sample and then moved
across the sample surface in numerous line scans. The vertical deflection of the tip caused by
short range repulsive interaction forces witle sample are measurdxry the detector with

high accuracyand recorded duringcanning. The normal tip to surface distance in the probe
microscope is about 01110 nm. A signal is then sent to a computer which then generates

the sample surface map.

AFM can be operated in diffeme modes to analgzthe surface properties of tepecimen
and the most commonly used modes in AFM are cgmac-contact, and tappingnodes. Its
advantage over TEM and SEM is that it measudneee dimensional images allowing the

height and volume to bealculated.
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2.7.2 Transmission electron microscopy

This technique is used to identify and characterize the microstructure of materials with high
resolution owing to the small de Broglie wavelength of electrons. The technique gives size,
shape and arrangemt of the particlés agglomeration. It uses high energy electron keam

that aretransmitted through a thin sample to get an image of the materials with atomic scale
resolution. Electromagnetic lenses focus the electrons and the image is recorded aia.a came
For good analysis the TEM sample to be analyzed should have a thickness of about 100 nm

or less at a particular area of inter@dtikhopadhyay, 2003)

2.7.3 Scanning electron microscopy

This analytical tool gives detailethorphologicalimages porosty, surface topography,
material homogeneitgnd a quick identification of elements presekxthigh resolution SEM

gives sample details down to 25 Angstroms and whenpled with energy dispersive
spectroscopyEDYS), it gives the composition of the specm@& his instrument operates at a

high vacuum. Basically a beam of electrons is generated by a source usually a tungsten
filament or a field emission gun which is then accelerated through a high voltage resulting in
the production of a thin beam of electsomhich scans the sample surface. The interaction of
the electrons with atoms in the sample prodwaious signals that are detected. The most

common detection mode is by the secondary electrons that are emitted by excited electrons.

The samples to benalyzed are mounted on a specimen stub rigidlis important thathe

samples to be analyzed should be electrically conductive to prevent charging and should be

electrically grounded to avoid charge accumulation at the surface.
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2.7.4 Inductively Coupled Plasma/Optical Emission Spectrometry

Inductively Coupled Plasm@dCP) is one of the mogpowerful andcommon techniques for

the determination of trace elements in sampMiskinds of gasor dissolved samples can be
analysed, varying from concentratsalt solutions to diluted samples. Solid samples cannot
be analysed in thesgolid state but require extraction or acid digestion so that the analytes are
presentn solution. In some cases a laser can used to directly convert the solid samples into
an aeosol. The primary goal of ICP is to make the elements in solution emit light of
characteristic wavelength which can be measutien compred to other elemental
analytical techniques, ICP offers the following advantggé$ excellent stability and
repraducibility, (ii) the ability to preide simultaneous determinations g to 70 elements

(i) little chemical interference between elements, (iv) high sensitivity (on the ppm and ppb
level), (v) excellent detection limits for most elements (G.100 ng mb™Y), (vi) low
background emissiomnd low susceptibilityto matrix interfeences (vii) high stability

leading to excellent accuracy and precisaon (viii) costeffective analyses

The sample solution to be analyzed is converted into an aerosol usetmulizer and then
introduced into the central channel of ICP plasipargon flowof about 0.51.5 L/min The

aerosol is quickly desolvated (removal of solvent), vaporized into gaseous state molecules
and then atomized due to the high temperatures ghipu 0000 K at the core of the ICP.
Finally the atoms will be excited and ionized into their constituent atoms or ions followed by
the emission of radiation of characteristic wavelength depending on the elements present. A
portion of photons from ICP isollected and converted to an electrical signal by a photo
detector which is then amplified and processed by the computer. The wavelength of the
photons is used to identify the elements. The total number of the photons is directly

proportional to the conogrationof the element in the original solutiom. this study ICP was
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used to determine the extent of leaching of plasmon elements during thedppcdadation

process.

2.7.5 Carbon hydrogen nitrogen sulphur demental analysis
The carbon hydrogen nitramn sulphur(CHNS) elemental analyzer is an instrument that is

used for determination of carbon, hydrogen, nitrogen and sulphangamic, inorganic and
polymeric materials. It is extensively used to analyze a wide variety of sample types
including pharmaeuticals, chemicals, eoiklated products, catalyst, faodoolymers,
chemicals ananvironmental The sampleéo be analyzed isveighed in milligramsn a tin
capsulewhichis dropped into a quartz tube at 10ZDand combusted in a highbxidizing,

pure xxygen environmenwhich guarantees alrsbcomplete combustioaven ofthermally
resistant substances and conversion of oxides of nitrogen to elemental nitrog8omges.
catalysts are norally added to the combustion section to aid complete combustion and
absorbents to remowentaminantsAccurate weiging of samples is highly recommended

for organic elemental analysis since results are presented on a weightgusicasits.

The resulting gaseousomponents of the combiien mixture are swept out of the
combustion chamber by inert helium carrier gas and then passed over heated high purity
copper to remove any oxygen not consumed in the initial combustion and convert any oxides
of nitrogen into nitrogen gas. Finally the gases are passed over absorbksagetmnly
carbon dioxide water, nitrogen and sulphur dioxigeéhich are therdetected by a thermal
conductivity detector. It is onlgxygen which is analyzed separateilythat casethe sample
undegoes immediate pyrolysis in @&llum stream which ensas that all therganic oxygen

is convertednto carbon monoxidand separated on a GC column packed with molecular

sieves.
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2.7.6 UV-Vis Spectroscopy

The UV-Vis instrument consists of three components: the source, the dispersive system and
the detector.The photomultiplier tube consisting of pbegmissive cathode, dynodes an
anode is the commonly used detector in the\J¥ spectrophotometer. There are two types

of light sources that are commonly used and these are: incandescent lamp which gives the
visible portion of light and the medium pressure deuterium lamp which gives UV light
portion. The instrument operates by passing a beam of light through a sample and the detector
measures the intensity of the light that reaches it. Radiation of differerdlemgths is
absorbed by different molecules resulting in an absorption spectrum which shows absorption

bands corresponding to structural groups in the molecule.

When this technique is usedthmre analysis of organic compounds, absorption of both UV and
visible light is restricted to certain functional groups called chromophores. There is a direct
proportionality between the absorption and concentration for a given set of instrumental
conditions (Paviat al, 2001). In this work the technique was employethe determination

of changes in the concentration of the model pollutants in plegoadation experiments.

2.7.7 BET-Surface area analysis

This technique was developed in 1938 by S. Brunauer, P. H. Emmet and E. Teller hence it
was named after them ), (Santamarinat al, 2002) It is the most common technique
employed for the determination of the surface area of powders and porous materials. This
technique is the first to be developed to measure the specific surface area of finely divided
and porais solids. It is applied in the analysis of medical implants, filters, cements, projectile

propellants, catalysts and pharmaceuticals.
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The specific surface area which encompasses external area and pore area of the material is
determined by physical adsdign of a gas usually nitrogen on the surface of the solid and by
calculating the amount of adsorbate gas corresponding to a monomolecular layer on the
surface. To do the calculations, tkreowledge of the crossectional area dhe gasmolecule

being usd as a probés required and icase of nitrogen, the cressectional area is taken as

16.2 A%molecule.The analysis is usually done at the temperature of liquid nitrogen (77 K)
andrelative pressureP(R)) of 0.3where B is the saturation pressure (Lolvet al, 2004).

Prior to the analysis, the sample to be analyzed #rpated at elevated temperature under a
vacuum or flowing gas in order to remove any contamindrite.amount of gas molecules

adsorbed or desorbed is generally determined by tlssymesvariations

2.7.8X-Ray Diffraction

X-ray diffraction (XRD)is a powerful techniqueand when used for characterization of
crystalline materialsit gives some information on the average grain size, phases, structures,
crystallinity and crystal defds Other applicationsnclude identificationof mineral phases
polymer crystallinity, residual stress dariexture analysisThe major advantas of this
technique are; (i)here is minimal or no sample preparatrequired (i) it is nondestructive

and(iii) ambient conditions are used for analydigl et al, 2006)

XRD is based on the interaction of monochromatic seainX-rays with a crystal lattice.
When Xrays interact witha crystalline substare they produce a diffraction pattern which is
more like a fingerprint of the substance. The diffraction peaks are produced when there is
constructive interference of these monochromati@ys that are scattered at specific angles
from lattice planes in the sample. This happens when a sample hasgktties with €

spacings that are appropriate to diffractays at that theta value. Munekw&998 reported
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that the number of crystal lattices that contribute ) diffraction for thin samples of less
than 1000 nm become less due to a decrease X-thg diffraction intensity and a rise in
background. To overcome this problem, the diffractometer is designed such that the incident
Xrays are fixed at smal/l 2d valuemybedm 3 t o
passes through the film. An iglesample for analysis one that is homogeneous and the

crystallites are randomly distributed

2.79 Patrticle-induced X-ray emission spectroscopy

Particleinduced Xray emission spectroscojsy a powerful technique for elemental analysis

which relies onthe spectrometry of characteristicrXys emitted by target elements when
irradiated with a beam of high energy $oit has several advantages such as high sensitivity,
non-destructive, rapid mukelement analysis in a solid or liquid fioy no sample @paration

required thereby reducing errors and the measurements are done at atmospheric pressure. For
accurate analysis an ideal specimen should be used which should be flat and uniform in

compositon to within the micron levellAEA, 2000).

There are twetages in the PIXE analysis and the first mnghen the elements in the sample

are identified from the characteristicrdy peaks and the second one is when the quantity of

a particular element is determined from the intensity of tirayXemission spéwm. When

the sample is exposed to a beam of ions, there are some atomic interactions that take place
that give off Xray radiation specific to an elemeiitie high energy protes strike the target

atoms resulting in thejecion of electrons from the irermost shell. A vacancy shell is
created in the innermost shell which is then filled by lanteon from an outer shell resulting

in the emission of characteristic-Kays equal in energy to the energy difference between the
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two shells. The Xay spectrumd recorded by a semiconductorray detector and the

intensities are then converted to elemental concentrations.

2.7.10 Diffuse reflectance Spectroscopy

Diffuse reflectancespectroscopy is a very good analytical tool for powdered or crystalline
materialsin the midIR and near infrared spectral ranges. Depending on the type of
instrument used, the samples to be analyzed are generally ground and uniformly mixed well
with transparent salts such as barium sulphate whereas in some instruments the powders or
thin films are analyzed as neat samples. One of the greatest advantages of this
characterization technique is that it is ideally amenable to automation. An integrating sphere
can be attached to the conventional-M¥ instrument so as to analyze the solangles.

The analysis relies on the focused projection of a beam of light into the sample where it is
reflected in all directions, scattered and transmitted through the sample. The diffusely
scattered and back reflected light is then collected and directbd detector. The schematic

representation of the instrument is showfigure 2.10
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213, ANALYZER

Figure 210: Schematic representation of a diffuse reflectance spectrometer (Hgredn

2013).

In the case of infinitely thick sgptes, thickness and the sample holder do not have influence
on the reflectance hence the KubeMank conversion can be applied to the diffuse
reflectance percentages uskguation 2.1{Escobedo Moralest al.,, 2007).
p Y T
& 2 ——— -8888888888&P ¢
Y i
where: R is the absolute reflectance of the sampled layer
F(R) is the KubelkaMunk.

k is the molar absorption coefficient.

s is the scattering
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Tauc, Davis and Mott proposed an expression for the relationshipdrebaad gap (Eg) and
the absorption coefficient and this relationship is showkdgoation 2.13(Ghoneimet al,

2012)

W | Bhv-Eg ééééé..2.13

whereUis the absorption coefficient
hi s the Plankds constant
Egis the band gap
A'is the proportional constant
vis the frequency of vibration

nis the contant which denotes the nature of the sample preparation.

The value of n=1/2 is for direct allowed transition, 3/2 for direct forbidden transition, 2 for

indirect allowed transition anglfor indirect forbidden transition.

2.7.11 Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a-destructive technique used to
determine the structure, identify functional groups present in a given organic wanpo
sample and also to analyze certain inorganic substances. To analyze a sample, a beam of
infrared light is passed through the sample and the radiation absorption is measured as a
function of frequency. The detectors for this instrument are designed e@msune
interferogram signals (Pavigt al, 2001). The resulting spectra give wavelengths at which

the sample absorbs infrared red light allowing identification of functional groups and

molecular structures. The fact that no two molecular structures pevesame infrared
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spectrum means th&TIR is a useful technique in identifyinghknown materials, quality
control and in quantitative determination of components in a sample mixture. Pure samples
with few active infrared bonds normally give clear specthengas complex struces give
complex spectra due ®lot of absorption bands. In this study this analytical technique was
employed in the determination of theructural changes ahethyl orange and bromocresol

purplethat occur during the phottegradéion.

2.7.12 Thermo-gravimetric Analysis

Thermagravimetric analysi§TGA) is one of the thermalnalytical techniques which measures
changes in weight of a material as a function of temperatuigothermally as a function of

time under a controlled efronment.The materials that can be analyzed using TGA include
inorganic materials, glasses, metals, polymers and plastics, ceramics and composite materials.
The advantages of this technique include the use of very small amounts of sample in the
range 1 g - 150 mg and it can reveal important information concerning the pathway
followed by a reaction.The analysisrelies upon a high degree of pr&Eon in three

measurements and theme weight, temperature and temperature change.

The applicationsof TGA include: (i) determination of thermal stabilibf a material, (ii)

water and carbon content determination, (iii) measure evaporation rates (e. g. emissions of
liquid mixtures), (iv) determination of Curie temperatures of magnetic transitions, (v)
determiration of the fraction of volatile components in a material and (vi) to determine the

purity of a mineral, inorganic compound or organic material.

Samples to be analysed are placed in a specimen pan hanging from the balance. The changes

in weight inthe TGA analysisaremonitored by a sensitive analytical balamecelare due to
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the breaking and formation of chemical bonds at elevated temperatures. There are
photodiodes which serve as position sensors for the determination of any movement of the
specimen pasuch that any change in weight is sensed by the photodiodes. The chemistry of
the gaseous products released can be knewuen the TGA is coupled with another

characterization technigqweich as FTIR.

2.7.13Liquid chromatography -Mass Spectrometry

Liquid chromatographyMass SpectrometryLC-MS) is used to identify, quantify and do
mass analysis of a wide range of a complex mixture of organic compounds. It combines the
separation abilities of liquid chromatography with mass analysis and detection powassof m
spectrometry. It is gery powerful technique withigh selectivity and sensitivity. The sample

to be analzed is injected into dquid chromatographyl(C) column where it is separated

into various components which are then passed tm#ss spectroater(MS). The MS then
ionizes the vaporized sample molecules resulting in the production of charged species which

are then separated and identified based on their mass to charge ratio (m/z).

The ion sources include electrospray ionization source, atmeds pressure phoionization

and atmospheric pressure chemical ionization source. The mass analyzers which sort ions
according to their mass to charge ratio by applying electromagnetic fields include quadruple
analyzers, timef-flight analyzers, ionrap analyzers antybrid analyzers. The elemental
composition, masses and structures are then determined by observing the fragmentation

pattern.

As far as qualitative analysis is concerned, chromatography has the limitation tefimgt

able to give an wmuivocal identification of components of the mixture even if they are
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separated completely. Its coupling with MS allows the identification of compounds with a
high degree of confidence since the separated compounds introduced into the MS
spectrometer wittsimilar or identical retention characteristics have different mass spectra
(Ardrey, 2003). In this study LEMS was used to determine the phdegradation products

at certain stages of the phatatalytic process.

2.7.14Raman spectroscopy

Raman spectrespy isa light scattering characterization technique that can be used to obtain
information about the structure and properties of materials from their vibrational transitions.

It has several advantages that include minimal or no sample preparation tnmtites very

fast (1 min a scan), no preferred orientation, sensitive to nanoscale phases and has better
sensitivity than XRD Dorian & Sorrel] 2011). It is based on the inelastic scattering of
monochromatic light after interaction with vibrating samplelecules. There are two types

of Raman scattering, Stokes and tbkes. Molecules that were initially in the ground
vibrational state give rise to Stokes Raman scattering whereas those initially in the vibrational

excited states give rise to atioke Raman scattering.

A Raman system consists of (i) laser source, (ii) sample illumination system and light
collection optics, (iii) wavelength filter and (iv) detector. Laser sources for excitation are
available in the visible, ultraviolet and near argd spectral regioWwhen Raman uses UV

light, it means the technique will be more sensitive to the surface phase of the solid sample
that absorbs UV light (Let al, 2001). This allows investigation of phase transformation in
the surface region of T#das it strongly absorbs UV light. If visible light is used for

excitation, the Raman scattered light will also be in the visible region.
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To get a Raman spectrum, the sample to be analyzed is irradiated with a laser beam and the
scattered light is collectedent through an interference filter and then to the detector. The
Raman peaks in the spectrum can be associated with vibrational modes at molecular level.
The intensities of thdéands in the Raman spectrum dependthe nature of the vibration

being studed, instrumentation and sampling factoistense Raman scattering normally
occurs from vibrations that cause a change in the polarizability of the electron cloud around
the molecule and usually symmetric vibrations bring about the biggest changes and

scdtering.
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CHAPTBR

Experi mental: Materials and

3.0 Introduction

This chapter gives the expemntal procedures, sample preparation #mel operating
conditions of the instruments employed for characterizing samplége details of the

reagents and materials used to achieve the aims of this study are also given.

3.1 Materials

All chemicals used in this studyere analytical grade and wengsed as received without
further purification. For all the preparations of dwmuos, deionized water was used.
Polyvinylpyrrolidone (PVP)was purchased fronsigma Aldrich, silver nitrate (AgN$§)
99.8%) from SAARCHEM SA trisodium citrate(NasCsHsO;, 99%) supplied by ACE,
sodium bordydride (NaBH, 96%) purchased from Sigma Aldriahngthyl orange purchased
from Merck, hydrogen peroxide purchased from SAARCHEM SA, sulphuric acid purchased
from MET-U-ED, 3-mercaptopropyltrimethoxysilan@PTMS) purchased from Alfa Aesar,
hydrofluoric acid, bromocresol purple purchased from Associatedmizal Enterprises
(Pty)(Ltd), bisphenol A purchased from glucose purchased from-MEED, 2-propanal,
trisodium citrate NlasCsHsO7, 99%) purchasedfrom ACE and hydrogen peroxidegrom
Merck purchased from Sigma Alddricf.etrachloroauric acid (HAuC)) purchased from
Labstuff cetyltrimethylammonium bromid€CTAB, 98.5%) purchased from LABCHEM,
ascorbic acid@sHgOg, 99.7%), sodium hyoxide (98%)andpotassiunhydroxidepurchased

from Merck
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3.2 Metal nanopatrticle thin film deposition on quartz

The quart support for the metal nanoparticle films was surface treated before deposition so

as to enhance the adhesion of the nanoparticles.

3.2.1 Quartzsurface preparation

The quartz glass slides were cleaned thoroughly with a detergent and rinsed withd distille
water followed by washing with an acetone/ethanol mixture. The sizes of the quartz were 3.5
cm by 2.5 cm. The glass slides were then etched with a 10 % hydrofluoric acid solution
followed by cleaning and sonication for 10 minutes. After rinsing withlldidtwater, the
guartz slides were immersed in a piranha solution which was made yPgoaktl HSO, in

a 1:3 ratio W for 30 minutes. This wagollowed by immersion in a solution of-3
mercaptopropyltrnethoxysilane (MPTMS) which had beemade up by mixg 20 mL of
MPTMS, 20 mL of water and 60 maif 2-propanol for 24 hours. The quartz were then rinsed

by dipping in 2propanol briefly to remove excess materials, blown by a jet of nitrogen gas

and cured at 105 °C for 7 minutes.

3.2.2Preparation of Cu, Au and Ag film

3.2.2.1Thermal Evaporation

For the deposition of gold thin film on quartz, the gold source material was loaded onto a
tungsten sample holder and placed in¢beterof a vacuumdome. The desired vacuum in

the chamber was created usengaauum pump. The current was then increased slowly until
the gold source material stagtto melt and evaporate. The evaporated material got degos

on the quartz glass that had bgdaced above the chamber as shown in Figure 3.1. The
QPod.exe software wassed for film thickness determination. When the desired thickness

was achieved, thensng arm shield was closed to prevent more material from depositing onto
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the quartz substrates followed by switching off the vacuum pump and allowinggeit ittto
the chamber to releashe vacium The same procedure was repeated for the deposition of

silver and coppeifilms but using silver and copper as the source material respectively

\

Figure 31: A photograph of (A) the completdadrmal evaporation unit used for coating
guartz with gold, silver and copper thin filmgl- Pirani cold cathode gauge: Zurrent
control krob; 3 Opening and closing knold i Vacuum pump5- domg and (B) the opened
thermal evaporation unit6{- Substate holder; 7 quartz substrate; 8 Swing arm shield; 9

- tungsten sample holder.

For the deposition ofwo layers orthree layers of different plasmon elemerttee quartz
support previously coated with one plasmon element was put back in the theapiagion
unit and coated with a different plasmon element using the procedure detailed earlier. The
bimetallic layers were made up of different combinations of plasmon elements and these

were Au/Ag, Au/Cu, Ag/Cu and for the three layer sysfamAg/Cu.
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Table 3.1 shows the parameters used for the deposition oAtheAg or Cuthin films on
MPTMS treated quartzThe frequency was the same for all the depositions made. The
vacuum pressure3(0 x 10° Pa)was the same for copper and silver and for goidas 1.9

x10° Pa. Generally the conditions were similar, the only difference was the time taken to
achieve the required film thickness of the plasmon meéte. film thickness was determined

by QPod.exe software on the machine.

Table 31: Parameters used for metal film deposition using thermal evaporation technique.

Parameter Copper Gold Silver
Vacuum Pressure (Pasca 3.0 x 10° 1.9 x10° 3.2x10°
Current (Amps) 95 100 100
Average rate of depositior ~ 0.025 nm/s 0.016 nm/s 0.015 nm/s
Frequency (Hz) 591365.25 591365.25 591365.25

3.3 Preparation of titanium dioxide
Two methods were used for the preparation of titanium dioxide in this study, sputter coating

technique and sajel methal. The solgel method wasised for the preparation of doped

TiO, photocatalyss.

3.3.1 Sputter coating of TiG, films

The titanium souwre material and the quartz suppddse coated were placedtime chamber

of the instrumenshown in Figure 3.2After creating a desired vacuunhieh took about 40
minutes, the oxygen gas was introduced in the chamber to supply oxygen to react with

titanium to form the desired product TiOThe high voltagg460-465 volty used in the
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process caused the algration of the gas atoms towards thanium source material and the
resulting bombardment of the titanium source materiakdthe bonds between atoms. The
deposition rate of the film was approximatelyrh per minute and to get a 100 nm Tim

the deposition was done for 1 hour 40 minutdee parameters used for depositing the thin
film of TiO, were: current 0.28 amps, power 128tts, voltage 46@65 volts and a pressure

of 60 microns Hg.

Figure 32: Sputtering unit for coating quartz with Ti@andilms.

Table 3.2 shows sample codes @rplasmon metl films deposited on quartz coated with

TiO, photocatalyst (i) TiO, films deposited onquartz supports previously coated with

plasmon metal film
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Table 32: Sample desgstion and codes

Sample description Sample Code
TiO3 film with no metal film T1
2 nm of Ag deposited on Tidilm 2AgT
2 nm of Au deposited on Ti3ilm 2AUT
2 nm of Cu deposited on Ti@Im 2Cur
5 nm of Ag deposited on TiQilm 5AgQT
5 nm of Au depsited on TiQ film 5AUT
5 nm of Cu deposited on Ti@Im 5Cur
TiO, deposited on 5 nm Cu film T5Cu
TiO,deposited on 10 nm Cu film T10Cu
TiO,deposited on 20 nm Cu film T20Cu
TiO,deposited on 25 nm Cu film T25Cu
TiO,deposited on 5 nm Au film T5Au
TiO,deposited on 10 nm Au film T10Au
TiO,deposited on 20 nm Au film T20Au
TiO,deposited on 25 nm Au film T25Au
TiO,deposited on 5 nm Ag film T5Ag
TiO,deposited on 10 nm Ag film T10Ag
TiO,deposited on 20 nm Ag film T20Ag
TiO, deposited on 25 niAg film T25Ag

3.3.2 Sotgel synthesis of doped Ti@nanoparticles

Doped itanium dioxide nanoparticlesere synthesized using a sg#l method with titanium
tetrachloride as the precursor. Although there are several methods that can be used taesynthesi

TiO,, the solgel method was chosdrecause it is very simple and allows easy control of particle
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size, shape and distributionhis wet chemical technique proceeds via a base or an acid catalysed
hydrolysis step of a titanium precursdypical precurers for TiG, are metal chlorides and metal
alkoxides which undergo hydrolysis (Equation 3.1) and polycondensation (Equations 3.2 & 3.3)
forming three dimensional polymeric skeletons withOFTi extended chain network resulting in

a system that contains tholiquid and solid phase§.he development of TO-Ti chains is
favoured with low hydrolysis rates, low water contents and excess titanium alkoxide in the

reaction mixture (Malekshahi Byranvanetzal., 2013).

Ti-OR + HO ‘OH Y+ ROH Ti (3.1)
Ti-OH + TIOR @Ti + ROH i (3.2)
Ti-OH + TiOH &Ti + HOT (3.3)

The separation of the solid and thermal treatment of the amorphous pmdecessary to
prevent further polycondensation. With thermal treatment, structural stability is improved and

phase transformation from anatase to the more thermodynamically stable rutile occurs.

3.3.2.1Synthesis ofAg/C co-doped TiO,

Titanium tetrachdride (6.0 L) was added drop wisely to a 100 rof_distilled water in a flask
immersed in an ice bath with vigorous stirring. An approp@ateunt of glucos€0.018 g)was

added to get a final concentration of 0.001 M of glucose in the solution. Thiedore was
repeated to get six different se®lver chloride solution(0.01 M) wasadded to each of the six

sets so as to get 0.2, 0.5, 0.7 and 1.0 mol % of Ag in the solution. This was thenféred@d
minutes at 95 °C andllowed to cool to room tengpature. The pH was adjusted to 8.0 using
potassium hydroxide and heated for another 30 minutes. The precipitate was separated from the

solution by centrifugation, washed with deionised water to remove excess chloride ions, dried at
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90 °C and then finallgalcined a600 °C for 2 hours to givAg/C co-doped TiQ. The graphical

representation of the methodology is showFigure 3.3.

Ti CI 100 m

Gl ucos Ti ( OH Met al d

\
C/ met-cadped Ti O

Figure 33: Schemat of the preparation of carbanétalco-doped TiQ.

3.32.2 Synthesis & Au/C co-doped TiO, nanoparticles

The procedure for the synthesis Afi/C codopedTiO, was exactly the sames @hat for the
preparation ofAg/C codopedTiO, (Figure 3.3 but with the addition of golés a dopant
instead of silverTetrachloroauric acidotution (2 mM) was used as the source of gold. The

dopant loadings of 0.2, 0.5, 0.7 and 1.0 mol % Au were used.
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3.32.3Synthesis of Au doped TiQ nanoparticles

The procedure for the synthesis of Au dopE@®, nanoparticles wathe same as the method
usedto prepare Au/CGco-doped TiQ photocatalysts but with addition of gold as the only

dopant.

3.3.2.4Synthesis of Ag doped Ti@nanoparticles

The procedure for the synthesis of Ag doped;T@noparticles wathe same as the method
used to prepare Ag/C atoped TiQ photocatalysts but with addition of silver as the only

dopant.

3.3.2.5 Synthesis of uthoped TiO, nanoparticles

The procedure for the preparation of undoped ;Tif@noparticles was the same as the
procedure followed in the preparation of dopE@®, photccatalysts but with no dopants

added.

3.4 Deposition of the doped photecatalysts

The prepared caloped TiQ photocatalysts were deposited on quartz supports using a
modified version of the methodology used by Markelonis et al., (2015). Thedkas the
advantages of being fast and simple compared to other currently known nanoparticle
deposition techniques. The thickness of the films was controlled by the amount of the
colloidal nanoparticle solution used in the deposition. A desired amouhiOgf(0.02 Q)
photcocatalyst to be deposited was mixed with absolute ethanol (15 mL) and then sonicated
for five minutes to make sure ti@O, nanoparticles were well dispersed. The etched and
MPTMS treated quartz substrate to be coated was placed ¢erthidfuge vial wih the other

side covered with glotape so that only one side was coated. The sonicéi®d
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nanoparticles were then poured into the centrifuge vials and centrifuged at 3500 rpm until a
significant desired amount was deposit€de desied amount was determined by weighing
the quartz support before and after depositidfter centrifugation, the supernatant was
pipetted out and the quartz substrate with the depoBi@gnanoparticles was then removed

and allowed to dry in the air.

3.5 Preparation of spherical copper nanoparticles

About (1.0 g) of cupric acetate was dissolved in boiling water. In a separate beaker 2 mL of
formaldehyde (34.5 %) were added to 50 mL of absolute ethanol followed by 1 mL of EDTA
(0.1 M) and 1 mL of hydrazineith magnetic stirring. This mture was then added drop
wiseto the boiling cupric acetate solution and heated for a further 15 minutes at 90 °C. The

solution was left to cool and the resulting nanoparticles were separated by centrifugation.

3.6 Preparation of silver dendrites

About two drops of hydrogen peroxide were added to 50 mL of 0.2 mM silver nitrate solution
in a conical flask with magnetic stirring. About 1 mL of 8.86 mM polyvinylpyrrolidone was
then added drop wise to the solution followed bgigoh of 6 mL of 0.25 mM trisodium
citrate. The mixture was stirred for thirty minutes before exposure ttightof wavelength

366 nm for 12 hours. The solution was then aged fitays undisturbed at room temperature

and then separated from solutiondantrifugation.

3.7 Preparation of silver nanorods

About 0.04 g of silver nitrate was dissolved in 100 mL of deionized water followed by
addition of 10 mL of 0.03 M trisodium citrate with magnetic stirring. 5 mL of 0.16 M

polyvinylpyrrolidone solution ws then added with vigorous stirring followed by 0.2 mL of
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hydrogen peroxide. The pH was adjusted to 9 by adding a few drops of sodium hydroxide
solution (25 % w/v). After 10 minutes of vigorous stirring, 0.5 mL of 0.1 M sodium boron
hydride was added drowise. The reaction medium was then exposed to UV light of
wavelength 365 nm for 30 minutes. The solution was then left for 24 hours stirring at room

temperature. The color of the solution was yellowish brown.

3.8 Preparation of spherical silver nanopartcles

About 0.01 g of silver nitrate were dissolved in 33.3 mL of deionized water followed by
addition of 0.007 mmol of trisodium citrate solution and 0.20 mmol of polyvinylpyrrolidone
solution with vigorous stirring. About 0.2 mL of hydrogen peroxide added to the reaction
solution. After 10 minutes of stirrind,.7 mL of 0.078 M sodium bohydride were added

drop wise. The solution was then heated at 65 °C for 30 minutes and then left to cool to room

temperature. Separation of the nanoparticles was\ahby centrifugation.

3.9 Preparation of spherical gold nanoparticles

About 3.0 mL of 2.5 mM teachloroauric acid solution weeelded to 100 mL of deionized
waterin 250 mL conical flaskThis was followed by addition of 100Lmof 2.5 mM of
trisodiumcitrate with magnetic stirring. The resulting solution was heated at 75 °C for 1 hour
30 minutes and left to cool to room temperature wtilging. The citrate acteds both the
reducing agent and a capping agent. Aliquots were taken after every 3@svandtanalyzed

by UV-Vis spectroscopy. The nanoparticlesre separated from solution by centrifugation.

3.10 Preparation of TiO,/plasmon metal composites

To prepareliOz/gold nanoparticle composites containig wt %, 0.5 wt % and 1.0 wt %

Au, about2 g of TiO, were mixed with 2 mg, 10 mg and 20 mg gidld nanopatrticles
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respectively The same procedure was followswd prepare TiQZAg nanocomposites which
had0.1 wt %, 0.5 wt % and 1.0 wt % Ado prepare Ti@plasmon metal nanocomposites
containing tvo or three plasmon elements, equal masses of the plasmon metal nanoparticles
were mixed and about 2 mg of the mixture was then mixed with 2 g of tdi@repare
TiOJ/plasmon metal with 0.1 wt % plasmon metal nanoparticles. The same procedure was
followed © prepare nanocomposites containing 0.5 and 1.0 wt % plasmon metal
nanoparticlesAbout 0.02 g ofTiO,/plasmon metal nanocomposites when deposited on
guartz supports usinpe method given in Section 3 Bhe sample description and codes for

the prepaed composites are shown in Table 3.3.

Table 3.3: Sample description and codes for nanocomposites

Sample description Sample Code
Spherical gold nanoparticles AuUSNP
Spherical silver nanoparticles AgSNP

Silver dendrites AgDR
Silver nanorods AgNR
TiO2/Au (1.0 wt % Au) nanocomposite TAul
TiO2/Au (0.5 wt % Au) nanocomposite TAuU2
TiO2/Au (0.1 wt % Au) nanocomposite TAu3
TiO2/Ag (1.0 wt % Ag) nanocomposite TAgl
TiO2/Ag (0.5 wt % Ag) nanocomposite TAg2
TiO2/Ag (0.1 wt % Ag) nanocomposite TAg3
TiO,/Cu (10 wt % Cu) nanocomposite TCu3
TiO,/Cu (0.5 wt % Cu) nanocomposite TCu3
TiO,/Cu (0.1 wt % Cu) nanocomposite TCu3
TiO2/Ag (0.1 wt % AgDR) nanocomposite TAgDR
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TiO2/AgNR (0.5 % AgNR) nanocomposite TAgNR

TiO2/Au/Ag nanocomposite TAUAg
TiO,/Au/Cu nanocompsite TAuCu
TiO,/Cu/Ag nanocomposite TAgCu
TiO,/Au/Ag/Cu nanocomposite TAAC

Ag/C codopedTiO, (05 % Ag)/Au/Ag/Cu composite dTAAC

3.11Photo-degradation experiments

The photo-catalytic activity evaluations of the phetatalysts were performed usingthyl
orange, bromocresol purple andfsphenol A under UV light wittsome chosen photo
catalysts under visible light irradiatioill photo-degradation experiments using methyl
orange were conducted at anfgerature of 25 °C and pH 7 except where theffect of pH
was being investigatedn case of bromocresol purple, pH 11 was used during its photo
degradation so that the disappearance of the intense purple color could be det&hnared.

pH adjustments were necessaygdium hydroxide solution andg/dirochloric acid wereised.

The 2.5 cm x 3.5 cm photmatalyst coated quartz wasimersed in 100 mlof 10 ppm
solution to be degraded leaving roomreg bottom of the reactor by usiagperforateglastic
stand for the magnetic stirrer to rotate withearatching the photoatalyst film.The quartz
was placed in such a way that the entire pluatialyst wa uniformly irradiated with incident
light. The sources of light used were (i) Osram 9 W UV lamp which gives light of
wavelength of 365 nr(Figure 34) and (ii) an Oriel Newport solar simulator fitted with a 500
W xenon lamp(Figure 3.5. The solar simulator waglodel 91150Vwas suplied by Oriel

Instruments, USA and was set to give a power output0®0IW/nf using a spectral filter.
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Figure 34: Schematic diagram of experimental setup using a UV lamp

The UV lamp was fixed inhie middle of the system &0 cm above the surface of the
solution.For adsorption and desorption equilibrium to be readtedphotecatalystwas left

in the solution for 30 minet in the darkbefore irradiation.Aliquots of methyl orange
solution were taken after every 30 minutesng a disposable plastic syringedanalyzedoy

a UV- a Perkin Elmer Lambda 35 UVis spectrophotometelAll the experiments were
conducted in @lark room to exclude natural light from interferjrigus solely illuminated by

the specified light source.

The experimental setp for photedegradation experiments under visible light is shown in

Figure 3.5
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Figure 35: Photograph of the solar simulator andiept used for visible light photo

degradation of methyl orange.

3.11.1 Determination of the effect of other organics on MeO phim-

degradation

Methyl arange, bromocresol purple andyiiienol A were mixed in different rati@sich as 1:

1: 1, but in such a way that the final contraion of the target compound svéhe same for

all experiments. The photmatalyst coated quartz was immersed in a 100 mL mixture of
methyl oange and bromoesol purple anat bisphenol A and irradiated with UV light fixed

at a distance of 10 cm from the phattalyst(Figure 3.4) In the study of the effect of
bromocresol purple, equal volumes (50 mL) of the same concentration (20 ppm) of methyl
orange andiomocresol purple were mixedliquots were taken after every 30 minutes using

a disposable syringe and analysed by-\4¥ spectrometry.
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3.112 Determination of the effect of salts on methyl orange photo

degradation

The salts that are normally used in the industry were chosen since their chances of being
found in water are highThe combined effects all the three salts, sodium chloride, sodium
sulphate and sodium nitrate were studied by adding the salts in methyl orange solution to be
degraded. Appropate amounts of the salts were added such that final concentration of each

salt in100 mL ofthe photedegradation solution was 8.0 x1®!.

3.11.3 Durability tests

To find out how durable the photatalyss were,2AuT, 2AgT, 2CuT, T5Cu, T10Cu,
T20Cu, T5Au, T10Au, T20Au, T5Ag, T10Ag and T20Ag phetatalysts were tested for the
extent of leaching after 300 minutes of phdegradation of methyl orange under UV light at
25 °C and pH 7.TiO, photocatalyst deposited on all the three plasmon metals
(TiO2/Au/Ag/Cu) was tested for both the extent of leaching and loss of pbatalytic
efficiency whernused inphotodegiadation experiments four timésdr cycles.Aliquots were
taken at the end of each cycle and analysed by ICP to find out if there are anyteldmae
hadleached out of the photmatalyst film. The change in phettegradation efficiency of the
photo-catalyst wasdetermined so as to know how long the phcatalysts could be used

before they can be regenerated.

3.11.4 Determination of the photo-degradationintermediates
LC-MS and FTIR were used to determine thactionpathway followed by methyl orange
and bromocresol purple during the phdegradation process. To determine the nature of the

intermediatedormed,aliquotswere taken from theeaction vessel after every 20 minutes and

filtered using a nyl on Sdllyerinitia gokitiord and thediltered f port
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aliquots were then analyzed b-MS and FTIR techniques. To run the FTIR, a drophef

solution was mixed with KBand pressed into a pellet which was thealysed.

3.12Characterization of Materials

Several characterization techniques were used in this study to characterize the prepared
samples. After characterization, a lot of information about the samples such as composition,
particle size, surface mdmplogy, elemental composition, functional groups and absorption
edgewasgathered depending on the characterization technique employed. This section of the
thesis gives a brief description of theotocols for thecharacterization techniques that were

empbyed in this study.

3.12.1 High resolution transmission electron microscopy

This techniquewas used to identify and characterize the microstructure of materials size,
shape and arrangement o fThe thigheresguéion transnlissiadhs a g ¢
electron microscopy (HRTEM) images were collected on a Gatan Ultrascan 2000 CCD
camera using a FEI Tecnai F20 field emission gun HRTEM operated at 200 kV in bright field
mode. The samples were prepared by putting a drop of the colloidal solution on the TEM

grids and the solvent was allowed to evaporate at room temperature.

3.12.2 High resolution scanning electron microscopy

This analytical technique was used to getailed images and a quick identification of
elements present, porosity, surface topograpity material homogeneityhe samples to be
analyzedwere coated with gold to make them electrically conductive to prevent charging and

then mounted on a specimen stub rigidlyhe analysis was performed on a JEOL JSM
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6390LV Scanning Electron Microscopitéd with a secondary electron detecémd energy

dispersive spectroscope for elemental analysis.

3.12.3 Inductively Coupled Plasma/Optical Emission Spectrometry

Inductively Coupled Plasma&GP) was usedor the determinationf the extent of leachingf
plasmon elements during the phategradation proces#i. was doneusing a Spectro Arcos
ICP-OES instrument equipped withSide onPlasma tterfacewhich was initialized for 20
minutes before analysis. Samples and controls were put in vials in a secush were
sampled automatidgl using an auto sampleSample inlet was done using a four channel
peristaltic pump which provides a segmented flow of the liquid samples. A 10 % solution of
nitric acid was used for washing between sample analysizeiose the next sample coultet
analyzed. Before the analystbe ICP OES measuremearanditions were optimized and the
following conditions were used: Plasma power (W00, pump speed (rpm)30, coolant

flow 14.00 L/min, auxiliary flow 2.10 L/min andebulizer flow 0.80 L/min.

3.12.4 CHNS Elemental Analysis

The CHNS elementahnalyzer was used for determination of carbon in the plasmon
metal/carbon codoped Ty(photccatalysts The instrument used was a Thermo Scientific
CHNS-O-Analyzer; Flash 2000The solid sample to benalyzedwas put into a readr tube

at 99 °C and combusted in a highly strong oxidizing pure oxygen environmbatcarrier

gas flow was 14@L/minute and the reference flow was 100/minute.

3.12.5 UV-Vis Spectroscopy

In this work the UV-Vis technique was employed in the determination of changes in the

concentration of the model pollutants in phdegradation experimentsThe UV-Vis
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spectrum of the methyl orange was obtained on a Perkin Elmer Lambda B8isUV

spectrometer.

3.12.6 BET-Surface area analysis

BET-Surface area analysisas usedo measure thepecific surface area of the prepared
powdered doped titanium dioxide phatatalysts before immobilization on the quartz
substratesThe instrument used was a micrometricsA®S2020, Surface area and Porosity

analyzerThe samples were degassed at 50 °C for 90 minutes and at 80 °C for 1440 minutes.

3.12.7 X-Ray Diffraction

X-ray diffractionwas used to determine the crystallinity and the ratio of the anatase to rutile
phasesn the prepared Ti@photocatalystsand to also determine the different phases in the
copper, gold and silver filmslhe X-ray diffraction patterns of the samples were obtained
from a Bruker D8 Advance instrument withGu-K U1 i (1.84060) Xray Tube and a

LynxEye detector.

3.12.8 Diffuse reflectance Spectroscopy

Diffuse reflectancespectroscopy was usdd study the optical propertied the prepared
TiO, photocatalysts which were then used to determine the band gag@ absorption
wavelength by usinghe Tauc, Davis and Motexpressiono relate band gap (Eg) the
absorption coefficien{Equation 34). The analysis was dons room temperature using a
diffuse reflectance attachment of a Cary 500-Ui¥ i NIR spectophotometer. The spectra were
acquired from 800 nm to 200 nBoth the reflectance and absorbance of the samples were

measured.
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W | ® hv- Eg) 34

whereUis the absorption coefficient
hi s the Plankds constant
Egis the band gap
Alis the proportiondtly constant
vis the frequency of vibration

nis the contant which denotes the nature of the sample preparati

In this study the value of n used for the calculations was 2 since the absorption b&3i&h
indirect transition. To find the band gaps of the different samples, plots of [F(R)yéngus

photon energy ATauc plotsd were done.

3.12.9 Fourier tra nsform infrared spectroscopy

In this studyFTIR analytical technique using a Perkin Elmer-lRfmodel 200Gnstrument

was employed in the determination of the structural changes of methyl orange and
bromocresol prple thatoccurred duringphotccatalytic aegradation.The samples to be
analyzed were spread on the sodium chloride windows andcatbeam of infrared light vga
passed through the sample andrdmulting radiation absorption waneasured as a function

of frequency.The technique was also usedctwaracterize undoped and doped JpDoto

catalysts.

3.12.10 Thermo-gravimetric Analysis

Thermagravimetric analysis (TGA)vas used to study titbermalproperties and determine the

water and carbon content of the prepared, B&@nples by measuring tishanges in weight of a
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sampleas a function of temperature under a controlled environmdratut 10 mg of ample to
be analysed waslaced in a specimen pan hanging from the balandethen heated at a rate
of 10 °C per minute under a nitrogen environnfeoin 25 °C to 900 °CThe changes ithe
sample weight during the TGA analysi®re monitored bya sensitive analytical balance.

The instrument used w#&=rkin EImer TGA 400 thermgravimetric analyser.

3.12.11 Liquid chromatography -Mass Spectrometry (LGMS)

Liquid chromatographynass spectrometrwas used todetermine the photdegradation
intermediates and the phedegradation pathway followed by methyl orangjbe sample to
be anajzed wa injected into a liquid chromatography (LC) column whengas separated

into various components attftenpassed to the mass spectrom@ws).

The instrumentation and chromatographic conditions used were as followsCtMS
instrument used was a 5600 AB SCIEX Triple TOF hybrid mass spectrometer (Applied Bio
sydems Sciex, USA) equipped with a high performarfggilent 1260 infinity liquid
chromatogaphy system and operatedtime positive turbo ion spray (ESI) mode. The LC
chromatography was fitted with a 4.6 x 50 mm reverse phase column Proshell 1208EC
with diameter 7 um.The mobile phase used was composed of two solvédtdyent A

water with 0.1 % formic acid; Solvent-Bacetonitrile with 0.1 % formic acid). Bound
compounds were eluteat a given gradient. The elution gradient was as follows: the mobile
phase started with 5 % of acetonitrile, which was increased linearly to 95 % in 10 minutes
and kept constant for 1 minute and finally returned to the initial conditions in 0.5 minutes and
kept constant for 5 minutes giving a total run time of 17 minutdge dolumn was
equilibrated for 5 minutes and the flow rate was 0.5 mL mifime of Flight MS parameters

were as follows; the declustering potential (DP) was 60 V and collision energy (CE) was 35
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V with collision energy spread (CES) of £35 V. The prodantparameters were as follows;
lonSpray voltage floating parameter (ISVF) 55@ Source Gas 1 (GS1) parameter was 50
psi and lon Source Gas 2(GS2) parameter was 50ApsAgilent 1260 high performance
auto sampler, with a 100 plysnge was used withn injection volume o200 pL while the
samples were drawn and injected at a speed of 20@ipLThe Agilent column oven was set

at 40 °C for both right and left temperatures with a temperature tolerance ©f +2

3.12.12 Raman spectroscopy

Raman spectszopywas used to obtain information about the structure and properties of
materials from their vibrational transitionBhe Raman spectra were obtained from a Raman
microscope (Perkin Elmer RamanMicro 200) which was equippedawid@vice cooled at50

°C. The 785 nm line of an argon laser was used as the excitation sbobecénstrument

softwarewas used for data acquisitiggrocessig andanalysis
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4.0 Introduction

The main focus of this chapter was to reduce¢écembination rates of electrdrole pairs in
TiO, photocatalyst through thase of noble metal thin film3he chaptewasalsoaimed at
finding the effectof plasmonmetal films on the photecatalytic activity of TiQ photo
catalyst flmswhen trey are deposited layer by layé&ence itinvolvesthe preparation and
evaluation of thghotocatalytic activity of the plasmon decoratddO, photccatalyst thin
films immobilized on quartz glas®\ systematic study ofhe effect of metahanoparticle
(MNP) film thickness order of @position of the films, use of bimetall@yersand the use of
different plasmon elements (Au, Ag & Cu) is presented. Possible mechanisms of
enhanement of TiQ photocatalytic activity resulting fromusing different thicknesses of
different elements are presented and their understamdigigt open new avenues ftine
application of the plasmon decorated TihotocatalystsThe effect of bromocrespurple,
bisphenol A and salts on methyl orange phaggradation wa also investigated and

reported.

4.1 Experimental details

4.1.1Deposition of TiO, on quartz

The sputter coating technique was used to coat the 8 78 2.5 cm) quartsuppors. A
detailed experimental methodology for the preparation of the Tii@s was reported in

Section3.3.1
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4.12 Deposition of metal NP films by thermal evaporation

The detailed procedure and parameters uséteithermal evaporation technique are reported
in Section 3.2.2.1Samples 2Ag/T, 2Au/T, 2Qi, 5Ag/T, SAu/T and 5Cu/Bre those where
the metal films were deposite@sh top ofquartz coated witdiO, photccatalyst and samples
T5Ag, T5Au, T5Cu, T10Ag, T10Au, T10Cu, T20AgR20AuU, T20Cu, T25Ag, T25Au ard
T25Cu are those where Ti@vas deposited on top of the plasmon metal films as ateficin
Table 3.3 in Section 3.3.Bimetallic systems andhree layer systesconsisting of all the
metals undestudy (Ag, Au and Cu) wergeposited layer by layes aso reported in Section

3.221

4.2 Results and Discussion

The prepared films were characterized by HRTEM, HRSEM, PIXE, XRD and AFM. The rate

of deposition was also measured.

4.2.1Rate of metal deposition

The rate of deposition was difficult to contiad it kept fluctuating with time and to see the
changes a plot of rate of deposition against time was done and the resulting plots are shown
in Figure 4.1. When desiting thicker films such a85 nm the fluctuations in the deposition

rates observed weggeater.
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Figure 4.1: Graphs of (a) rate of deposition and (b) film thickness used for the deposition of 2

nm, 5 nm, 10 nm and 25 nm metal films of Ag.

4.2.2HRTEM analysis of films

The HRSEM analysis wagerformedto study the surfaceorphology of the films using a
GatanUltrascan 2000 CCD camera fitted wahFEI Tecnai F20 field emission gun HRTEM
operated at 200 kV in bright field modehe HRSEM imageof MPTMS treated quartz glass

and plasmon metal film@\g, Ag, Au, Ag/Au and TiQ) are shown irFigure 4.2
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Figure4.2:. HRSEM images of (A) MPTMS treated, (BY) nmAg film, (C) 10 nmAu film,

(D) 10 nmCufilm, (E) Ag and Auilm before TiQ depositionand (F) TiQ film on quartz.

98



The surface of the MPTMS triesl quartZFigure 4.2 A)wasrelatively uniform showing that
the MPTMSfilm was slightly granular with grains in the sub 100 nm rarfidee process of
the formation of the MPTMS layer on the quartz glass can be illustrated as follows as

proposed by Par&tal, 1999.

NH;
NH;
NH;
NH,
NH;

I T T T T
S5 3 & OO0 3OO0
| I I

Hydration | | | | | (CH3)3Si ~~NH, M
L 1 > >
v 7

The images show thatetal nanoparticlebefore depostion of TiOphotocatalyst(Figure
4.2 B-E) were alsorelatively uniformly deposited onhe silanized quartzFor all the netal
films (Ag, Cu and Au), a 1@m film was analysed for cqmarison. There wersignificant
differences in the morphology betwettre Au film, Cu film and Ag film but an insignificant
difference betwen Au and Ag filmgFigure 4.2 B & C respectivelyYhe monomettallidg
and Au films had smaller NPPat the bottomthan on top showing that as the thermal
evaporation process continued, the size of thes MEreased withan increase in film
thickness due to coalescence resulting in a wide particle size distriljpbddispersed
nanoparticles)The copper film did naghow any variation of particle size with thickness and
had a unform particle size resulting in a smooth surface. bilmettallic Au and Ag
codeposited film showed no size variation and the surface was s(ragiine 4.2 E) TiO,

film deposited on quartzas highly agglomerated (Figure 4.2 F).

4.2 3 PIXE analysis

Particle induced Xay wasperformedto determine the elemenits the quartz and the metal

thin films. Figure 4.3showsthe PIXE results of thBlms of selected samples
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Figure4.3: PIXE of (A) uncoated quartz, (B) A@.0 nm)coated, (C) C{10 nm)coated and

(D) Ag, Cu and Au coated quartz.

Quartz in its pure fornconsists of onlysilicon and oxygerand PIXE analysisof the quartz
supportshowed that onlyhbse two elements werggsent in a ratio of:2. This shows that

the quartz samplesased in this studwere pure and had beeteaned thoroughly as no other
elements were foundhe expected metal elements were found in their respective films but in

some films such as Ag film,evy small traces of sulphur (< 1 %) walkso found. In the
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copper films some traces of titanium (< 2 %) were found hedlétectedarbon and oxygen

were ascribed tthe MPTMScoating

4.24 XRD Analysis

Figure 4.4 showthe XRD patterns of purguartz,TiO, film, Ag film on quartz supportAu
film on quartz support and Cu film on quartz suppbéat were obtained usirg Bruker D8
Advance instrument with 8u-K U 1 i (.54060)X-ray Tubeand a LynEye detectarThe
XRD analysis was done on pure plasnmoetal filmsof 25 nm and pure Ti@(100 nm)so as
to see the peaks due to plasmon metals before the deposition,adni@eaks due to TiO
film before deposition of plasmon metal films respectivAlyhickness of 25 nm for plasmon

metals was chosen fXRD analysis so as to get clearer peaks.
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60000 - —— Pure Quartz
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——Cu film
50000 - J — Ti02 film
s A )
9 40000
2
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c ~
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Figure4.4: XRD patterns o5 nmfilms of gold, copper, silver, quartz ad@0 nm ofTiO..
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In the XRD pattern of Tigth e p e a k s °and 5229 mdcdtal theBpresence of the
TiOzintherut | e phase while peaks at 2iddc2tdthe 1A,
presence of the anatase phase. In XD patternof 25 nm Ag film, the peaks at

2 ¢k 39.15°, 4460°, 64.58° and 7.72° wee assigned to diffraction from the (111), (200),
(220) and (311) lattice planes piire facecenteredsilver crystalsrespectively(Liao et al,

2011, Liu & Wang., 2013 In the spetra of 25 nmAu film, there were foudiffraction

peaks corresponding to the diffraction plarig$l), (200), (220) and (311) due ttze god
metalwith face centered cubic structuleh e s e peaks appear,ed4r at
64.8, 77.8 respectively indicamg that thenanostructured films were made afystalline

gold (Vermaet al, 2011). No peaks were observed in the XRD pattern of MPTMS treated

guartz substrate.

In the XRD pattern of 25 nm Cu filmhe Bragg's reflections for copper nanoparticles were
observed in the XRD pattern at 2d values
(111), (200) and (220) planes of face centered cuiom Etructure of copper avatk
Niasari M & Davar, 2009). It can be seen that some traces of copper oxide were in the

copper film as evidenced by its XRD peaks at 2 theta values of 36.58° and 61.52°.

The XRD patterns of Au films of different thicknesses deposited on quartzhaven in
Figure 45. The QPod.exe software on the instrument used for deposition was used for film

thickness determination.
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Figure4.5: XRD patterns of Au films of different thicknesses deposited on quartz.

The characteristic peaks corresponding tb1§1 (200), (220), (311) of Au are located at
2d=38.4°, 44.7°, 64.5°, and 77.8°, respectivélywas observed that the XRD peaks of the
25 nm Au f il m alsotfl.6° ardthée pedksete ynore idtense ahbnutlénner

Au films due to25 nm film thicknesamplying that the XRD peaks became more intense with

increase in film thickness.

4.2.5AFM Analysis of the metal NP films

The AFM images showing the topographical informatiod@inmAu, 10 nmCu and10 nm
Ag films prepared by the thermal g@ation technique are shown figure 4.6and these

images were obtainedderthe similarimaging conditions.
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Figure4.6: AFM topography of quartz coated with YAO nmAu film, (B) 10 nmAg film

and(C) 10 nmCu film.

Although the rate ofleposition was changin@igure 4.1) the resultingAu and Agfilms
were fairly uniform.The pronounced surface roughness on other sections Glitfilens was
thought to becaused mainly by the inhomogeneous distribution of MPTMS adhesion
promoter as seein the HRSEM image(Figure 4.2A).In the AFM image of Ag,a

pronounced hump could be observége to the underlying MPTMS droplet. The other
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reasons for the observed humps could be the etching process and coalescence of
nanoparticles during deposition u#ng in various nanoparticle sizes forming the film. This
surface roughness is advantageous for the deposition gfphi@o-catalyst as it aids good

adhesion.

4.3 Fhoto-catalytic activity evaluation

This section presents thghotodegradatiorresultsof methyl orange under UV light using
different plasmon decorated phatatalysts. It is subdivided into subsections, each discussing
a parameter that was varied. The change in concentration of tlevelygmewas obtained

on a Perkin ElImeLambda 35 UVVis spectrometer andas plotted against irradiation time

for all the photecatalysts.

The chosemodel organic contaminants used in this study were two dyes, methyl orange and
bromocresol purple and one endocrine disruptor compound, bisphenol A oaithéocus

was on methyl orangéMethyl orange was chosen as the major model pollutant of focus
because it resembles azo dyekich account for 6000 % of all the dye groups that are used

in the textile industry since they give out bright and high intgrlours compared to the
other classes of dyg&haly et al, 2014). The photoatalytic activity efficiencies of the
photocatalysts were determined for each of the model pollutants and then as a mixture under
UV and some under visible lighin each eperiment a volume of 100 mL of 10 ppm MeO
solution was used &5 °C andpH 7 using a 9 W Osram UV lamp as the source of light
(Figure 3.4, Section 3.11 in Chapter Bhe chemical structures of the model pthts and

their UV-Vis spectrameasured using 10 ppm solution oa Perkin EImer Lambda 35 WV

Vis spectrometeareshown in Table 4.1. Theaximum absorption of methyl orange (MeO)
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was at 468 nm, bromocresol purple (BCP) at 586 nm and bisphenol A at 276 nm and the

absorbance at these wavelengths weel for the determination of changes in concentration.

Table 41: Organic compounds used in phategradation experiments and their absorption

spectrum.
Methyl Orange Bromocresol purple Bisphenol A
OH
=, pg N\ —Br o CH3 f_.".l
RN HO . B i *:“-. i
WAWAY A LT O = 'O
NN ©ONg B @ VY I
/ — GHE
1 3 1- § 1
0.8 0.8 - 0.8 1
0.6 0.6 - o 067
n o] (o]
< 04 0.4 - 2 04 R
0.2 0.2 - 0.2 4
0 T T 0 T T O 1 1
200 400 200 400 600 200 300 400
Wavelength/nm Wavelength/nm Wavelength/nm

A detailed pocedure for the photocatalytic activity evaluation was report8édsion 3.10.

4.3.1 Effect of filmthickness

In this section, he effect of metal thicknespréparation method was reported Section
3.2.2.1)was investigateth two settinggi) whenthe plasmon metal films were deposited on
top of TiO, films supported on quariand (i) when the plasmametal films were deposited
underneaththe TiO, photocatalyst film support on quartzThe effect of loading of each
metal (Au, Ag and Cu) film on thghotocatalytic activity was evaluated and compared to the

pure TiGQ photocatalyst film. The control was the undecorated ;Jo@ MPTMS treated
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guartz the fixed parameter was the thickness of;M@ich was100 nm and the variable was

the thicknes®f themetal used to coale TiO, photocatalyst

4.3.1.1Effect of film thickness when metal films are deposited ontop of
TiO,

Two different thickesses of 2 nm and 5 nm were chosen from the ranggmples to study
the effect ofmetal filmsthat weredepoged on top ofa 100 nmTiO; film on quartz treated

with MPTMS. All TiO, phao-catalysts that were coatedth plasmon metal films showed

higher photecatalytic activity tharm1 (bare TiQ) photocatalyst as shown in Figure 4.7.

CIG,

O T T T T 1
0 50 100 150 200 250 300

Time/minutes

Figure 4.7: Photedegmadation profiles ofLl0O0 mL of 10 ppnmmethyl orangesolution under
UV light at 25 °C andpH 7 showing the effecof different metal thicknessefepositedon

TiO, photocatalyst on quartz
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There was a decrease in the phcatalytic degradation activity ofiO, when the thickness
of the Ag film was increased from 2 nm which showed an 85.85 % {olegfadation after
300 minutes to 5 nm which showed a 67.45 % ploetgradation for the same period of time.
The reason for this 18.4 % decrease couldhag, tas lte thickness of the Agietal film
increases, the amount of light reaching the ;Tpgbotccatalyst at the bottom is reduced
resulting in reduced phofoatalytic activity. The less the metal on top the less UV light is
blocked from reaching the TiGurfaceto activate it.The decrease could also be due to the
fact that the water was prevented from being oxidized or reduced asdiface due to the

thicker intervening Ag layer.

The same trend was also observed for the Au films. An increase in film trsckoes2 nm

to 5 nm causednly a 1.41 % decrease in phetatalyticactivity which wasnot significant

when compared to Ag. Although there were more AuwwRhe 5 nm Au film compared to

the 2 nm Au filmto block light from reaching the T¥photocatalyst the slightly bigger
AuNP for the 5 nm adsorb more oxygen molecules to form reactive oxygen species as
suggested byshaoet al, (2014, which offses the effect of reduced light reaching %O
hence there was a small differernnephotacatalytic activitywhen compareavith the TiO,

photo-catalyst with2 nm Au film.

When copper was used, it showed a diffeteend from the Ag and Au filsn There was an
increase in photdegradation from 65.50 % with a 2 nm film to 68.90 % with a 5 nm Cu
film. The possite reason for this increase that, Cu nanoparticles can easily be oxidised
when exposed to air forming either CuO,,0Ouor both since the oxides of copper are
thermodynamicallymore stable than pure copper. These oxides are also {ohtdbysts

which canalso participate in the phottegradation of methyl orange.
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The photedegradation results of all the TiQphotocatalysts decorated with plasmon

elements of different thicknesses atenmarizedn Table 42.

Table 42: Photedegradation resultsifter 300 minute®f methyl orangg100 mL, 10 ppm)
using quartz coated withO0O nmTiO; film decoratedon topwith plasmon metal filmsinder
UV light at 25 °C and pH.7

Plasmon metal % Degradation of MeO under UV light

thicknesson top of

100 nm TiO, Ag Au Cu

0 nm(control) 57.16 57.16 57.16
2 nm 85.85 76.39 65.50
5nm 67.45 74.98 68.90

For a 2 nm metal film, § showed the highest activifgllowed by Au and lastly CuThe

reason for this trend could be that, silver has aasarthafavours oxygen adsorption (Liet

al., 2004) hence promoting the formation of superoxide radicals winelp to degrade
contaminants since the reaction rate is controlled by charge transfer #oiOthe 5 nm
plasmon metal flmsAu showed the khest activityand Ag showed the leaamongthe

three elementsshowing that it is not just the metal type but also the layer thickness that has
an effect on the activity and layer thickness had the most pronounced effect for Ag whereas

for Au and Cu theffect was insignificant.

There are two possible reasons for the improved pbataytic activity of TiQ photo
catalysts decorated with metal thin films, (i) reduced electron hole recombination and (ii) the
creation of the Schottky barrieA simplified proposed mechanism for the activation,
plasmon metal enhancemeot TiO, photocatalystand degradation of adsorbed methyl

orange is shown iRigure 48.
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Figure 4.8: Schematic representation of the proposed mechaofsactivation of TiQ,
electran trapping by metal nanoparticles (MNP) and pkaggradation of MeO under UV

light.

When a metal isn contact with TiQ, there is Ectronmigration from TiQ with a low work
function to the metallic nanoparticle with a high work function until thennfréevels are
aligned. The movement of electrons across Sbbottkybarrier leave additional positive
holes on TiQ, which are capable of oxidizing more organic contaminants. The metal
nanoparticles could also act as electron reservoirs thereby red@tauronhole

recombination.
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4.3.1.2 Effect of metal film thickness when metal films are deposited

underneath TiO»

The effect of loading under this section was investigated using differetal film
thicknesses of the same plasnedement deposited unaeath theTiO, photocatalyst film.
The plasmon metal depositigrocedurewas reported in Section 3.2.2.1 and Tighoto
catalyst depositioprocedurein Section 3.3.1in Chapter 3.The control was undecorated
TiO, photocatalyst the fixed parameter wake thickness of Ti@film (100 nm)and the
variable waghe metal film thicknessdeposited below the Tiphotacatalystfilm. All the

three elementéAu, Cu and Ag)were investigated separately.

(i) Effect of film thickness using silver

The procedurefor the sample preparation of the silver films (5, 10, 20 and 25amth100
nm TiO, photocatalystswere reported in Section 3.2.2.1 and Section 3.3.Cladpter 3
respectively. The sample descriptions and codesshown in Table 3.2Generally all the
four photoecatalysts T5Ag, T10Ag T20Ag and T25Ag) showed higher photoatalytic
activity than pure Ti@photocatalyst as shown iRigure 49 which implies that all Ag film

thicknesses improved the phatatalytic activity of TiQ photocatalyst.
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Figure 4.9: Photedegradation profiles of methyl oran@®0 ppm)usingquartz coatediO,
photo-catalystdeposited on Ag filmsf different thicknesses (5, 10, 20 and 25 nmjler UV

light at 25 °C and pH.7

The reason for the observattreasein photocatdytic activity is ascribed tdhe Schottky
barriers formed between the Ti@nd the Ag nanoparticlébat mayfacilitate the transfer of
electrons from Ti@nanoparticles with high Fermi level to silver nanoparticles which have a

low Fermi level resultingn reduced electrehole recombination rates.

There was a gradual increase in the ploatialytic degradation of methyl orange as the film
thicknesses were increased up to 20 nm. Further increase in film thickness to 25 nm caused a
decrease in photcatdytic by 16.89 % implying that 20 nnvas the optimum loading for Ag.

These results are summarizedlable 4.3(page 145pand the general trend for these films is
T20Ag >T10Ag > T25Ag > T5Ag > T1The reason for this trend is that the thicker the Ag

metalfilm, the better the displacement of the electrons to lower layers of the metal film. This
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implies that there are more chances of the electrons to be far from thepfiadcatalyst
layer where electron holes are confined hence the charge separattternsMhen compared

with thin metal films. This is illustrated in the diagram showFigure 410.

% Hole hy

hv
# Elecron

) 0 ) ) ) 0 TiO, f|Im
f ; ' -
Quartz support \ Metal film / Quartz support

A B

Figure4.10: Schematic representation of the charge separation and distance of electrons from

the holes for (A) a thin metal film and (B) thick mefilth.

It can be seem Figure 4.9(B) where a thicker metal film idllustrated,the electrons have
more room to travel far from the holes when compareddasawhere a thin film was used.
This leaveghesurface of TiQ enriched with holes which catirectly degrade methyl orange

and oxidize waterat produce hydroxyl radicals thdégrade organics effectively.
(ii) Effect of film thickness using copper
The procedures for the sample preparation of the copper films (5, 10, 20 and 25di100

nm TiO, photocatalystswere reported in Section 3.2.2.1 and Section 3.3.1 of Chapter 3
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respectively. The sample descriptions and cddé&sCu, T10Cu,T20Cu and T25Cy are

shown inTable 3.2, Chapter 3.

Figure4.11 shows theghoto-degradation curvesf methyl orage using 100 nritiO, photo

catalyst film deposited on top of Cu films of different thicknessequartz suppaort
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Figure 4.11. Photedegradation curvesf methyl orange using quartz coaté®, photo
catalyst film deposited on top of Cu films of @fént thicknesse&b, 10, 20 and 25 nm)

under UV light at 25 °C and pH 7

The highest photoatalytic activity was achieved with a 5 nm film which was the thinnest
and further increase in film thickness above 5 nm had a detrimental effect on the photo
callytic activity. The photeatalytic activities of all the photcatalysts with Cu film

thicknesses above 5 nm were even below the ptattdytic activity ofT1 (bare TiQ).
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The better performance with a 5 nm when compared to purg i$iQue to the facthat
copper nanoparticles trap electrons from JJ&dd the density of electrons increases in Cu
NPs which also gives rise to a shift in plasmdrhe reason for # observed trend T5Cu >
T1> T10Cu > T25Cu > T20Cuoould be the presence of €ions in soltion due to minor
leaching asdetectedby ICP (Table 4.8)which increased with increase in copper films
thickness. These Glions have been found to retard the phecatalytic activity of TiQ due

to, (i) the short circuiting reaction as shown in Equai¢hl) and (4.2) which cause
electronhole recombination and (ii) the deposition of Cu metal which caesiction in

light reaching TiQ (Dhananjeyaret al., 1997).

Cl'+ e — CuU + e —» Cu (4.1)

Cu + h" _, cui ™ cu* (4.2)

There is controversy in literature on the effeciCof* on the photalegradation rate. Some
mention an increase in phetiegradation rate until an optimum concentration (Bresb\,

1995) whik others mention a detrimental effect (\Weal, 1992).

(i) Effect of film thickness using gold

The procedures for the sample preparation of the gold films (5, 10, 20 and 25 nm) and 100
nm TiO, photocatalysts were reported in Section 3.2.2.1 andi®@e&.3.1 of Chapter 3
respectively. The sample descriptions and cod@&s\, T10Au, T20Au and T25Ay are

shown in Table 3.2, Chapter 3.

Figure 412 shows thghoto-degradation curvesf methyl orange using 100 nmO, photo

catalyst film deposited on tagf Au films of different thicknessemn quartz support
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Figure 4.12. Photedegradation curvesf methyl orange usinguartz coatedliO, photo
catalystfilm deposited on top of Au films of differerthicknesseq5, 10, 20 and 25 nm)

under UV light at 8 °C and pH 7

Gold films of 5 nm and 10 nm showed good enhancement of jglatadytic activity of TiQ
whereas the 20 nm and 25 nm films showed a deactivation of thephaocatalyst. The
general trend folwed was T5Au > T10Au > T2 T20Au > T25Au hat is, as the Au film
thickness was increasdzeyond an optimum of &m, there was a decrease in the photo
catalytic activity of TiQ. The reasons for the improvement of pho#talytic activity caused

by the 5 nm and 10 nm Au films @lol be the same akdse given previouslior copper i. e

the formation of Schotty barriers. The change in Au thickness from 10 nm to 20 nm showed
significant decrease in phetatalytic activity from 76.34 % after 300 minutes to 24.74 %
respectively. Further increase #u thickness from 20 nm to 25 nm did not show a

significant change in photcatalytic activity as the decrease was only 0.44 %. The reason for
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the observed trend of decrease in phaatalyticactivity of TiO, with increase in metal films
could be the reducedork function of the metal film. It has been reported that the work

function of a metal film decreases wahincrease in film thickness{prnaneret al, 1989).

4.31.3 Comparison of the effect of Cu, Au and Ag on Ti@photo-activity

This sectiorsummaizes the results for the samples prepared as given in Section 3.2.2.1 and
makesa comparative evaluation of the effect of using different plasmon metals on the photo
catalytic activity of TiQ towards methyl orangsolution The samples that were compared
were T5Au, T10Au, T20Au, T25AuT5Ag, T10Ag, T20Ag, T25AgT5Cu, T10Cu,T20Cu

and T25CuThe control was the pure Ti@hoto-catalystfilm on quartz the fixed parameter

was the metal thickness, and the variable was the type of the plasmon metal used.

The percentagephotodegradationof methyl orange using Ti#Ophotocatalyst on top of
different plasmon metalayersare shown irmable 4.3 Results from theane plasmon metal
thickness areomparedn terms of the percentage increase relative to the pgidto-catalyst

without a metalfilm.

Table 43: Percentage degradation of methyl orange using Ppl@tocatalyst on different

metal films of different thicknesses.

% of Methyl orange % Increase relative to pure TiO,

Photo-catalyst photo-degraded after 300 photo-catalyst
minutes

Au Ag Cu Au Ag Cu
TiOonO0Onm 57.16 57.16 57.16 - - -
TiOon5nm 85.13 61.33 82.04 +27.97 +4.17 +24.86
TiOon10nm 76.34 71.32 24.80 +19.18 +14.16 -32.36
TiO,on20nm 2474 85.27 17.84 -32.42 +28.11 -39.32
TiO,on25nm 24.30 68.38 18.48 -32.86 +11.22 -38.68
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It can beseenfrom Table 4.3that for a 5 nm metal film, the highest enhancement of 27.97 %
was achieved by Au followed by copper (24.86 %) and lastly silver (4.17 %). For a 10 nm
metd film, gold still showed the highest enhancement followed by silver. Copper showed no
improvement but inactivation of the phetatalystoccurred when compared 160, photo
catalyst with no metal film underneatfhor 20 nm and 25 nm metal films, both ¢y@nd
copper had a negative impact on the pkeattalytic activity while silver improved it by 11.22

%. The optimum loading for Au and Cu was 5 nm and for Ag it was 20mmch gave the
bestoverallenhancement to the Ti@hotcocatalysts deposited on naéfilms. Generally Cu

gave thelowest enhancement to Ti@hotocatalyst probably because the Cu nanoparticles
forming the film were not polydisperse (Figure 4.2 E) when compared to Ag and Au

nanoparticles (Figure 4.2 B and Figure 4.2 C respectively).

4.3.2 Effect of order of metal deposition

This section presents an evaluation of the effect of order of deposition of metal films relative
to TiO, to determine th&estposition(top or bottom¥or the enhancement of phetatalytic

activity of TiO, towardsorganic contaminants for each plasmon metal (Au, Cu and Ag).

The effect of order of deposition was determined by depositing a thin film of noble metal on
top of thequartz supportediO, photccatalyst and in the other case underneaéh TiO,
photo-catdyst as shown previouslyrhe control was pure TiQthe variable was the position

of the plasmon metal relative to Ti@hotocatalyst and the fixed parameters were theet

of plasmon metal and film thicknes€ach plasmon metal was evaluated separaldig
choice of using very thin films of 2 nm and 5 nm on top of ;lwas based on the view of
trying to minimize leaching of the noble metal nanoparti¢MBIP) into the water as they

would be in direct contact with wateWwwhen TiQ is deposited on metalanoparticles, there
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are two advantages that favour photdalysisand these are (i) reduced leaching of metal
nanoparticles, and (iprevention of metal oxidatioasTiO, acts as a protective layer for the

MNP.

Table 4.4 shows the percentage phaggadation of methyl orange usingiO, photo
catalyst when the ptanon metal ws depositeckitheron top of the photeatalyst ® when

the plasmon metal vgadeposited below the phetatalyst.

Table 44: Percentage degradation ofethyl orange under UV light using Ti@lasmon

MNP films with different orders of deposition.

% Degradation of MeO under % Change whenmetal
Plasmon element > W el . film was on top insteadf
& thickness Metal fllm on Metal film _
top of TiO» underneath underneath TiO
TiO,
2 nm Ag film 85.85 68.38 +17.47
5 nm Ag film 67.45 61.33 +6.12
2 nm Au film 76.39 82.07 -5.68
5 nm Au film 74.98 85.13 -10.15
2 nm Cu film 65.50 60.85 +4.65
5 nm Cu film 68.90 82.04 -13.14

The results presited in Table 4. are discusseid the following sections.

When a 2 nm or 5 nm film of @oble metal elememtg was depositeeitheron topor at the
bottom of the TiO, photocatalyst, there wabetteg photccatalytic activityin both cases
when compared to pure TiOA 2 nm Ag film deposited on top of Tiphotocatalyst
showed 85.85 % degradation of methyl orange after 300 minutes but when the 2 nm Ag film

was deposited at the bottom of the Ti@hotocatalyst, there was a decrease in photo
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catalytc activity to 68.38 %which was still higher than Tifilm on its own. The same trend
was also observed when the order of deposition was changed for theA§ fiim but the
change was insignificar§6.12 %) as shown ifiable 44. The regons for better performance
of Ag in enhancing TiQ photocatalytic activity when depositezh top for both filmgather
than when it is deposited below Ti@ould be: (i) Ag absorbs in the UV region hence it
created LSPR which boosted excitation of electrons in, {iH@dayatiet al, 2014)and (ii)
the oxidation of silver into silver oxide (silver slightly okds to AgOaccording tdanget

al., 2011). The resulting oxide can participate in the pletgradation of methyl orangéhe
formation of the oxide is supported by the appearanee ofmi nor peak wads 2d 3:
assigned to the silver oxide (£9) in the XRD spectrungFigure 4.4)implying that some
part of the deposited Ag waxidized but not t@a greatextent as can be observiedm the

intensity of tle peak which was relatiwelower.

There was better phetmtalytic activity when gold film was depositedinderneatithe TiG,
photocatalyst for botthe2 nm and 5 nm Au films than when deposited on top ob.TThe
reason for this could be thidiere was a reduction in surfaaea of TiQwhen the gold metal

film was on top and some active sites were covered by. gbid could have resulted in
reduced contact between the pollutant and ,Tgbotccatalyst surfaceduring photo
degradation When the metal was below thEO, phob-catalyst, the Schottky barriers
between the gold nanoparticles and the ;Ti€xilitated the movement of electrons from
surface layer to the bottom layer leaving the holes on the surface resulting in reduced
electronrhole recombination rates. This made surface layer rich in positive holes which
oxidize water to produce hydroxyl radicals which degrdlde methyl orange effectively

resulting in enhanced phetatalytic activity.
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The 2 nmCu film increased TiQphotccatalytic activitymorewhen it was dposited on top

of TiO, than when it was deposited below Fighotocatalyst. The reason for this could be
that Cu can easily be oxidised when exposed to air forming its oxides which can participate in
photodegradation. The GO and CuCarep-type semicomluctos with narrowband gap of

1.2 eV and 2.2 eV respectively (@ual, 2012). The formation of the oxides is evidenced by
the appearance of three peaks arising from the oxides in the XRD sipégtnae (4.4. The

results of the above findings on thiéeet of theorder of deposition for all the three plasmo

elements under study are summarizedable 4.4.

4.3.3Effect of using a bilayer or three noble metal films

Instead of using one noble metal film, two or three different noble metal films waositsl

layer by layer. The combinations used were (i) Ag/Au, (i) Au/Cu, (iii) Ag/Cu and (iv)
Ag/Au/Cu. For the bimetallic layerseach metal was 5 nthick to give a total o0 nmfilm

for bothmetabk underneatthe TiG, photocatalyst This was donsothat theobservedeffect
comes from different combinations and not the metal loading. The use of the
bilayer/bimetallic metal films was compared to the monolayer of the same thicKiadds.

4.5 shows the samples that were prepared whergphi@ccatalyst films were deposited on

two or three different plasmon metal films on quartz support as previously presented in
Section 3.2.2.1 and Section 3.3The metals that were in contact with i@ well as the

metals that were in contact quartz support aocsvehin Table 4.5.
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Table 4.5:Metal film positions inTiO, photccatalystsdeposited on top of bimetallic layers

or three metal films on quartz support.

Metal thickness underneath TiQ@  Metal in contact Metal in

Sample film on quartz with quartz contactwith
TiO>
Au Cu Ag
TiO, on Cu/Ag - 5nm 5nm Ag Cu
TiO, on Au/Ag 5nm - 5nm Ag Au
TiO2 on Cu/Au 5nm 5nm - Au Cu
TiO2on Au/Ag/Cu F Bn 3 F @Bn I Bn 3 Cu Au

All combinations used to modify the Ti@hotccatalyst showed great improvement in the
photodegradation of methyl orange under UV light as showRigure 4.B. The highest
enhancement of photmatalytic activity of 2910 % relative to bare TiOwas observed when

all the three plasmmoelements werased. The order of enhancement observed was Au/Ag/Cu

> Au/Cu > Au/Ag > Ag/Cu.
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Figure 413 Photedegradation curves aohethyl orange usingiO, photo-catalyst deposited
on top ofa bilayer and three plasmon metal component system of 10 nnutidek UV light

at 25 °C and pH.7

When compared with TiQphotocatalystdeposited oriop of metalmonolayers of the same
thickness, all the bimetallic and the three componenésyshowednenhancement of TiO
photo-catalytic activity and the summaof the results are shown rable 46. The general
trend was; three component system > bilayer system > monolayer system. Thighstows
bimetal or three metalsombinedworkedsynrergisticallyandperformedbetter than the use of
a single metal sincihe metals can augment one anotAdéso the high conductivity of these
metals allows electrons to flow away from the region of contact with the jchtdby/st

thereby reducing electremole recombinationate
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Table 46: Photedegradation results and percent increase of pl@tocatalystdepositecn

top ofmonolayer, bilayer and a three component sysigpported on quartz

% of Methyl orange % Increase relative to
Photo-catalyst photo-degraded after 3@ pure TiO, photo-catalyst
minutes

TiO, with no metal film 57.16 -

TiO2 on Au (10 nm) 76.34 +19.18
TiO, on Ag (10 nm) 71.32 +14.16
TiOz on Cu (10 nm) 24.80 -32.36
TiO2 on Cu/Ag(10 nm) 74.36 +17.20
TiO, on Au/Ag (10 nm) 78.19 +21.03
TiO, on Cu/Au (10 nm) 84.72 +27.56
TiO, on Au/ Ag/Cu (10 nm) 86.26 +29.10

When two metals whose wofunctions are different are brought irdontact, charge transfer
occurs whereby electrons flow from the metal with higher Fermi energy to itatower

Fermi energy. In this case the order of the work functioigjs di> Ad >0 Tio., hence
electrons were flowing to the metal from the semiconductor on contact. In a bilayer system,
there are more than two contacts (Fi@etal, metal/metal and metal/quartz support) resulting

in more than two Schottky barriersibg formed which promote efficient electrons transfer
from the photecatalyst. Thiscould have causethe observed enhanced phatatalytic

activity of TiO, by bilayeror trimetallicmetal films.

4.4 Effect of organics and salts on photdegradation of mehyl orange

Real water systems that are found in the environment are quite complex meaning that they
are not contaminated by only one pollutant but several organics and several dissolved salts.
The water that comes from the dye industries contain sewsalahd some dissolved salts

such as sodium sulphate, sodium chloride and sodium nitrate which are added in the dyeing
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process to help the dyes adh&ryehe cloth. It has been estimated that the mass of the salts
used can makep t020 % of the weight othefiber (EPA, 1997).For instance between 0.6 to

0.8 kg of sodium chloride are added to 150 L of water when dyeing a kilogram of cotton
cloth (Allegreet al, 2006) Formaldehyde is an example of ookthe organic compounds
that are used in the dyeingogessto assist the dyeing of polyesti#bers to yield greater
colour value and brightneshese may strongly influence the efficiency and the rate of
photodegradation of methyl orang@us it is necessary to study thgerformance of the
photo-catalyss when the water contains more than one organic contaminasalsthat are
added in the dye bath so that their disturbances on the operation 0bdséd treatment

process are minimized.

4.4.1 Effects of salts

The presence of inorganic ions in thater to bdreateds expected. The combined effects of
three salts; sodium chloride, sodium sulphate and sodium nitrate were studied. The final
concentration of each salt in the pholegradation solution was 8.0 x 1M as previously
reported in SectiorB.11.2. T5Au was chosen as it showed high phoatalytic activity
towards pure methyl orange. The same procedure for jlegiadation of pure methyl

orange as previously reported in Section 3.11 was used.

Figure 4.4 shows the photdegradation curvesf methyl orangeising T5Au photecatalyst

in the presence of ka and formaldehydender UV light at 25 °C and pH 7
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Figure 4.14: Photedegradation curves of methyl orangsing T5Au photecatalystin the

presencef salts and formaldehydender UVlight at 25 °C and pH.7

The addition of the salts was found to decrease the jmababytic activity of the photo
catalyst by 6.24 % from 86.26 % for pure methyl orange to 80.02 % for methyl orange with
addedsalts The decreasm photacatalytic activiy of T5Au photecatalystwasprobablydue

to two reasons(i) the preferential adsorption of the @isplacing the hydrgyl ions on the
photocatalyst surface (Chongt al, 2010)and (ii) radical scavenging effect of the ‘Gind

SO,% ions. The mechanis of the scavenging effect of the” @ins is shown in equations 4.3

and 4.4 Matthews &McEnvoy, 1992).

Cl+ OHT ——» CI'+ OH 4.3

Cl+ h — I 4.4
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It can be observed from Figure 4.fldat he addition of formaldehyde slightly offset the
decrease in photoatalytic activity caused by salts in methyl orange phdégradation
There was a slight increase of about 0.96 % from 80.02 % when only salts are added to 80.98

% when formaldehyde was added together with salts in the reactor system.

4.4.2Effect of Bisphenol Aon methyl orange photodegradation

This section presents the evaluation of the effect of bisphenol A on methyl qrhotge
degradation using Thhotcocatalyst film supported on quartz. Twidferent mixturesof the
two organicswere used50 % v/vof each compoundnd 67 % methyl orange with 33 %
bisphenol A) as previously reported in Section 3.1THe same procedure fdine photc
degradation of pure methyl oranges usedas previously reported in Section 3.1The
control experiment was the phetegradation ol00 mL of 10 ppnpure methyl orange, the
variable was the amount of bisphenol A added to methyl oranlygion and the fixed
parameters were the concentration of methyl orapble(7) and the type of photoatalyst
used.In the same experiment, the seity of the photecatalyst for each contaminant over

the other was also determined.

Figure 4.5 shows the effect of bisphenol A on the rate of pasgradation of methyl

orange andilsothe effect of methyl orange on the phakegradatin of bisphenbA using

T1 photocatalystsupported on quartz
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Figure 4.15. Photedegradation of (A) MeO in the presence of BPA and (B) BPA in the

presence of M@ using T1photocatalyst on quartander UV light at 25 °C and pH 7

After 300 minutes57.16 % of100 mL of 10 ppmpure methyl orangénot mixed with BPA)

had beerphotodegraded and 47.10 % of pure BP¥O mL, 10 ppm) was phottegraded

using the TiQ photo-catalystfilm on quartz but when MeO and BPA weréxed, the photo
degradation rates of bothraminants decreased. When a 1:1 ratio v/v of methyl orange and
BPA was used, 24 % of MeO was degraded while only 5.38 % of BPA was degraded
showing a 33.16 % and 41.72 % decrease respectively. As the amount of bisplaeidedA

to MeOwas increaseffom 33 % to 50 % v/ythe rate and amount of methyl orange phot
degraded also decreaskdm 37.27 % to 24.0 %. This shows that when there is more than
one pollutant in water, the rate of phategradation of each pollutant is reduced and some
are preferred nte than the others and in this case the phatalyst was more selective on
methyl orange than BPA. They were not degraded to the same extent even when the same
concentrationgnd volumes were used. There @ineee possible reasons feuch selectivity

and these are(i) MeO orange has a higher molar absorption coefficient than BPA hence its
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rate of degradation will be higher, (i) MeO colidve been more adsorbed on the photo
catalystthan BPA.A contaminant needs to be in contact with the catalysttfdo ibe
degraded hence if it is adsorbed mozadily then, it blocks/reduces tralsorptionsites for
other species in this case BPBhatkhnadeet al, (2004, discovered thabrganic substrates
with electron withdrawing nature were found to stronglyhade andvere more susceptible

to direct oxidation than those with electron donating grougeO has more electron
withdrawing groups than BPAjii) the azo bonds in the azo compounds are active and are
easily degraded. Mozt al, (2005 reported thatzo bonds we the most active in aziye

molecules hence would be susceptible to attack by positive holes and hydroxyl radicals

4.4 .3Effect of bromocresol purpleon methyl orange photedegradation

This section presents the evaluation of the effectromiocresol purple on methyl orange
photodegradation using T photocatalystdeposited ora trimetallic layer of Au, Cu and

Ag on quartzA 100 mL of a mixture of methyl orange (20 ppm) and bromocresol purple (20
ppm) wasused in the study as previousBported in Section 3.11.1. Tlentrol experiment

was the photalegradation of pure unmixed methyl orange and the fixed parameters were the

type of the photecatalyst usedpH (7)and volume of the solutions used in the experiments.

The photedegradatioa curves of (i) pure/unmixed methyl orange, (ii) pure/unmixed
bromocresol purple and (iig mixture of methyl orange and bromocresol purple (B&i)g
TiO, photocatalyst deposited on a trimetallic layer of Au, Ag and Cu on quartz support

under UV lightat25 °C andpH 7 areshown inFigure 4.16
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Figure 416: Photedegradation curves of methyl orange, bromocresol purple and a mixture of
the two dyeausing TiGQ photocatalyst deposited on top of trimetallic layer (Au, &gd Cu)

under UV light at 25 °C and pH 7

After 300 minutes 38.62 % of MeO was degraded when mixed with BCP but itvivars
pureor unmixedwith BCP,86.26 % was degraded. This shows that bromocresol purple was
preferred over MeO and selectively degraddéy the TiO, photocatalyst deposited on
trimetallic layer The reason for this selectivity could be the preferential adsorption of
bromocresol purple on the TiQurface since it has more electron withdrawing groups than
methyl orange. The more the electravithdrawing groups on a compound, the more it

adheres strongly to Tiand gets oxidise(Bhatkhnadest al, 2009.

The selectivity of the photoatalyst towards BCP is also shown in Figure A.1 in Appendix

A. Since absorbance is directly proportional ¢oncatration, the rate of BCP phaoto
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degradation was higher than that of MeO as shown by the rate of decrease in absorbance at

t h enhxof 588 nm and 468 nm respectively.

The calculated rate constant of the phdégradation of pure MeO after 300 miaswas
1.98 min', which was reduced to 0.49 riinwhen photedegradation occurreéh the

presence of BCP as showigure 4.17
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Figure4.17: Kinetics of the photalegradation of methyl orange, bromocresol purple and a
mixture of the two dyessing TiQ phao-catalyst deposited on trimetallic layer (Au, Ag and

Cu).

Therate constant of BCPhotodegradation when mixedith methyl orangavas 2.38 mit
which was quite higher than that of Ma@eaning it was degraded faster than MeO. The

presence of BCP hadsggnificantnegative impact on the phetiegradation of MeO. On the
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other hand the presenoéMeO had an insignificargffect on the photaegradation of BCP
(Figure 4.16 since the rate constant of BCP changed from 3.19'mimen pure(not mixed
with MeO) to 2.38 mift ( g -0:81 min’) when mixedwith MeO and the percentage

degradation after 300 minutesl68¥%)anged from

4.5 Effects of selected operational parametem photo-catalysis

The photecatalytic reaction rate and efficiency ophotocatalytic system is dependent on
several operational parameters and these include wavelength of light used, dissolved oxygen,
pH, temperature, TiPloading, contaminant concentration and light intensity used in the
photo-catalytic process. These paraters govern the kinetics of the phaotegralaion
process. To study the effect of one parameter, the other operational parameters were kept
constant. In this study only two operational parameters (contaminant concentration and pH)

were selected and evalied

4.5.1 Effect of initial concentration

This section presents the evaluation of the effect of initial concentratiomethyl orange
using T1lphotccatalyst film on quartz. The thled procedure was preseniadSection 3.11
and the experimental sgtin Figue 3.4. The variable was tlo®ncentratiorof the methyl
orange solutiomndthe fixed parameters wetemperaturepH, light intensity photecatalyst

loading and volume of the methyl orange solution.
Figure 4.18shows the photdegradation cues of methyl orangeolutions of different

concentrations (3.27, 5 and 10 ppusing T1lphotocatalyst on quartz @5 °CandpH 7

under UV light.
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Figure4.18: Photedegradation curves of methyl orang@utions of different concentrations

(3.27, 5 and.0 pmm)using T1photocatalyst on quartander UV light at 25 °C and pH 7

The initial concentration of methyl orange was found to affect the rate of-pghgtadation.

The rate constants for MeO phategradation were 0.848, 1.589 and 1.984 mihenusing

a 10 ppm, 5 ppm and 3.37 ppm MeO solution respectively. The higher the initial
concentrationof methyl orangethe lower the photalegradation rate and the kinetic rate

constant which agrees with what was observed by other researchezsdLi20@).

Theuse of highnitial concentratios of a contaminant lowetbe photecatalytic degradation
due to the saturation of the Ti@urface which reducethe photonicefficiency and cause
photcocatalyst deactivatiofSaquib& Muneer, 2003). In the photcatalytic reaction system
of methyl orange, the dye also absorbs itheninated light reducing its intensity and this

affects the kinetic rate constant.

133



4.5.2 Effect of pH

The pH is one of the most important operational parameters since it affecte sindéage of
the TiO, photocatalyst. Itseffecs on the photalegradation of methyl orange were
investigated under UV light irradiatiomsing TiO, photocatalyst deposited on a bimetallic
layer of Au and Cu supported on quarthe variable was the pH ohe methyl orange
solution (3.45, 8.5 and 11.8)djusted usindNaOH (aq)and HCI and the fixed parameters

were temperatureoncentrationphoto-catalysttype and volume of MeGolution.

The photedegradation profiles of methyl oran¢E0 ppm)using TiGQ/Cu/Au photecatalyst

deposited on quartz giH values of 3.5, 8.5 and 11ab25 °Care shown irFigure 4.19.
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Figure4.19: photo-degradation profiles a0 ppmmethyl orangesolutionusing TiGQ/Cu/Au

photo-catalyst deposited on quartz at pH values.bf 8.5 and 11.5 &5 °Cunder UV light
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The highestmethyl orangephotodegralgion of 93.06 % was achieved under acidic
conditions at pH 3.45 and it decreased with further increase in pH. At pH above 10, the
surface of the photoatalyst is negative arat low pH it is positive due to TiOH(Chonget

al., 2010). Thigmpliesthat the adsorption of the negatively charged methyl orange on TiO
surface is high under acidic conditionghich helps toexplain the high efficiency of the

photo-catalyst at lowpH.

4.6 Photedegradation under visible light

This section presents an evaluation of the pleatalytic activity of 2AuT, 2AgT and 2CuT
under visible light irradiation using methyl orandée preparation method for the photo
catalysts was presented ieciion 3.2.2.1 and Section 3.3.1 for the deposition of the metal
films and TiQ photocatalyst respectively. The sample codes and description are shown in
Table 3.2.The detailed procedurd the photedegradation process was presented in Section
3.11 andhe experimental setup is shown in Figure e variable was the type of plasmon
metal deposited on top of Tihotocatalyst on quartz, the fixed parameters were methyl
orange concentration, phetatalyst loading, light source and intensity, tempggatnd pH.

The control was Ti@photocatalyst on quartz with no metal film deposited.

Figure 4.20 shows the phetlegradation curves of methyl orange usit#duT, 2AgT and

2CuT photocatalystaunder visible light irradiatiomsing methyl orangat 25 °Cand pH 7
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Figure 4.20: Photedegradation curves of Me@10 ppm) using TiQ photocatalysts
decorated on towith 2 nm film of differentplasmon metal(Au, Ag and Cu)under visible

light at 25 °C and pH.7

All the plasmon decorated samples showeghéi photecatalytic activity than uncoated
TiO, photocatalyst.TiO, does not absorimuchvisible lightimplying that its photecatalytic
activity under visible light illumination isnainly initiated by the deposited plasmon metal
nanoparticlesThe highst photedegradation was achieved BZuT which degraded 59.60
% of the methyl cange after 300 minutes whileAdT and 2AgTdegraded 44.52 % and
42.55 % respectivelyThe reasons for the observed tr&@uT > 2AuT > 2AgT for methyl

orange photalegradatiorunder visible light include,

0] Cu and Aunanoparticlesabsorbvisible light hence they can be easily activated

under visible light irradiationThe activated plasmon metal will inject an electron
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into the conduction band of Tiwhich will then be scaveyed by oxygen to form
superoxide. This direct electron transfer results in the activation of &vén

when the semiconductor does not absorb the light.

(i) Sincethe metal film was depositeoh the surface of Tig) it is exposed to air
hence Cu beingnstalte rdative to its oxideswill be oxidized to CuO and GO
which both havesmall band gagp These oxidesan easilyabsorb visible light and
could participate in the phottegradation process and/or transfer electrons to

TiO, to activate it(inter-particle electron transfer)

4.7UV light versus visible light irradiation

This section presents a comparison of the results of glegadation of methyl orange (10
ppm) using 2AuT, 2CuT and 2AgT phetatalysts under UV light &5 °C and pH &nd the
photodegradation results of methyl orange (10 ppm) using same type of-qdiatgsts
under visible light at25 °C and pH 7 The detailed experimental procedure for the
preparation of the photcatalysts and photcatalytic activity evaluation were presented in

Section 3.2.2.1 an8lection 3.11 respectively.

The efficiency of plasmon coated Ti@hotocatalysts (2AuT, 2CuT and 2AgT) relative to
TiO, with no metal film(T1) under UV and visible light are shown Trable 4.7 The reason

for using the selected phetatalysts for tests under visible light also and compared with UV
light photedegradation results is that they were not the most active qghtdatyst under UV

light.
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Table 47: Photedegradation results of mgthorange(10 ppm)usingT1, 2AuT, 2CuT ad

2AgT photo-catalystaunder UV light and visibléght at 25 °C and pH.7

% Degradation % Degradation % Increase % Increase
Photo-catalvst under UV light  under visible relative to relative to bare
y after 300 light after 300 bare TiO, TiO 2 under
minutes minutes under UV visible light
T1 57.16 25.12 - -

2AUT 71.39 44 51 14.23 19.39
2CuT 65.50 59.59 8.34 34.47
2AgT 85.85 42.55 28.69 17.43

When the photalegradatiorresults after 300 minutes the same photoatalyst under UV

light are compared tthoseunder visible light, 2CuBhowed thesmallestdecrease of 5.91 %

from 65.50 % under UV light to 59.59 efder visible light followed by 2AuT (26.88 %) and
lastly 2AgT (43.3 %). When both UV and visiblght photodegradation results of plasmon
decorated To, were compared to those of TCu showed the highest improvemef 34.47

% increase under visiblgght and the least improvemnet of 8.34 % under UV ligigT
showed the highest improvement of 28.69 % under UV light and the least under visible light.
The reason for bettgyhotocatalytic enhancement froboth Au and Cumetal filmsunder
visible light than under UV light is that, both metals absorb in the visible region (Au
=Bb6rmamd can reach 700 nm or more depme)nding
hence creating strong plasmonic electric fields which enhance light absorption and electron
hole gemration. Ag absorbs close to UV hence it is expected that its activity is lower in

sunlight than under visible light irradiation.
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4.8 Durability tests

Durability tests were done by (i) determining the change in efficiency of the-patatlyst

with repeated use and (ii)) measuring the concentration of the metal that leached into the
solution using ICROES.Experiments were conducted using the sameagptuatialystfor four

cycles. The samples selected for durability tests \2éweT, 2AgT, 2CuT, T5Cu, T10Cu,
T20Cu, T5Au, T10Au, T20Au, T5Ag, T10Ag, T20Ag and Ti@n trimetallic layer. These
photo-catalysts were selected so as to know if leaching was high wie plasmon metal is
deposited on top of Ti©or underneath Ti@photocatalyst. TiO, on trimetallic layer photo
catalyst was chosen for the determination of the change in efficiency with repeated use
because it showed the highest phoatalytic activiy using methyl orangender UV light

(Table 48) hence has potential to be used more than drfeeexperimental procedure of the

photodegradatiorprocessunder UV light process is presented in Section 3.2.2.1.

The loss in photaatalytic efficiencywith repeated use and the loss of metal nanoparticles
through leaching were evaluatasing TiQ photocatalyst on trimetallic layeasnd the results

are shown inmable 48.

Table 48: Leached concentratioof Au, Ag and Cu and lpto-degradatiorresults of ECP

after 300 minutes usingiO, photocatalyston a 10 nm trnetalic film (Au/Ag/Cu).

Cycle % Photo-degradation after 300 Leached concentratioppm
minutes Au Ag Cu
1% 95.88 0.0015 0.1531 0.0173
2 94.25 0.0049 1.5224 0.0223
3¢ 90.76 0.0092 5.4640 0.0276
4" 80.98 0.0093 10.421 0.0460
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The total amount of BCP phoettegraded decreased slightly from 95.88 % in the first cycle to
94.25 % in second cycle. The amouwvds further reduced to 90.76 % and 80.98 % in the
third and fourth cycles respeatily. The overall changes ithe photecatalytic activity wee

low thus the photeatalyst wagenerally efficienfor repeated use of the phetatalyst since

a significant amount of the contaminarBCP) is still being photedegradedeven after
repeatedcycles The efficiency of aphotccatalyst in agiven process is a significant
componentdr determiningts economic viabilityand with these aderved resultghe process

maybe viable economically using this phetatalyst

The decrease in the phetetalytic activity of the photacatalyst could be due to loss of
nanoparticlesesulting fromleaching and photoatalyst deactivation. The Ti@an also be
deactivated by the accumulation of surface speaws;mediatespr by-products that have
good adsiption ability upon the photecatalyst surfacelL@rson & Falconer., 1997) and
diminution of hydroxyl radicals. Reactivation can be achieved by regeneration of the OH
radicals or by oxidation of the products on the surface of the jadédystby heatingat

temperatures high enough to decomposérnieemediates.

Leaching of the noble metals increased waithincrease in the number of cycl€&able 48).

The leaching of Ag was highest reaching a concentration of 10.42 ppm after the fourth cycle
followed by Cu with 0.046 ppm and Au with the lowest at@ncentration of 0.0093 ppm.

The concentrations of coppéeachedare less than the recommended guide line value of 2
ppm (WHO, 2006).In South Africa, it is also the value that has been agtesaeen
Department of Water Aairs andSouth African Bureau of Standards (SABS$).drinking

water this value rangdrom 0.005 ppm to 30m as a result of corrosion tife interior of

copper plumbing pipes.
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Table 4.9shows the concentrations of leached metals intostilution from2AuT, 2AgT,
2CuT, T5Cu, T10Cu, T20Cd,5Au, T10Au, T20Au, T5Ag, T10Ag, T20Aghotocatalysts

after 300 minutes of photdegradation under UV light at 25 °C and pH 7.

Table 49: Concentrationof metalsthat leached in solution after 300 mtas of photc

degradatiorprocess
Metal film Metal position Leached amount/ppm
thickness  relative to TiO; film Au Ag Cu
2 nm Top 0.0045 1.8612 0.0154
5nm Underneath 0.0001 1.2518 0.0386
10 nm Underneath 0.0006 1.1375 0.0471
20 nm Underneath 0.0038 1.2260 0.0543

It is clear thatvhen monometallic filmplasmon metals we deposited on top of the pheto
catalystlayer, the amount of the leached metalsswagher than when the metal films were
deposited underneathe TiO, photocatalyst. This mighbe so because the metal films were
in direct contact with the solutioat the top layehence making it easy for the metals to
leach. For the same metal film deposition, it was observed that leaching increased with
increase in film thicknessven thougtihese films were under the Ti@hotocatalyst layer
The highest leaching was observed for Wgether above or belotine TiO, layer followed

by Cu and Au was thieast. The copper that leacheds well below the reemmended guide
lines of 1.3 ppm(EPA; 209). The toxicity of silver iswell understoodbeing an effective
bactericide capable of damaging biological systems hence in the US, silver concentrations of
only 0.057 5 ppm are allowed in municipal waters (Catpal, 2004), hence Ag shid be

used vith caution as plasmonic metal in photoatalysts.
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Although thephotocatalytic efficiency wa higher when thicker films of Ag we used, there

is a disadvantage of increasedching hence a compromise liase reached between the

rate of photedegradtion and human safety. Generally silver is not considered to be toxic to
human health hence the U.S. EPA has not set a maximum contaminant level but has set a
nonmandatory secondary maximum contaminant level of 0.1 ppm to serve as a guideline in
water quality. From the above results it can be seen that silver has the disadvantage of poor
stability and lower biecompatibility hencelte use of Auilms will be preferred for higher

chemical stability.

4.9 Summary

Plasmon metal films were successfuliiepaited upon and also underneath Ti@yers
supported on quartz g the thermal evaporation technique. Thgering of TiO, with
plasmon metal films either above or belbas proved to be a promising way of enhancing
the photecatalytic activity of the phaotcatalyst. The photoatalysts can be activated by
either UV or visible light due the presence of the plasmon elements even when #l®dsO
nat absorb visibldight. The mechanisnof enhancement ofhoto-activity depend on the
type of thelight used or activation.Under UV irradidion, noble metal nanoparticles TiO;,
nanoparticlesenhance transfer of phetenerated electrorfsom the photecatalyst thereby
prolongingthe lifetime of the charge carrierémong the photeatalysts withmetal films
deposited on top of Ti@film, the best metal was Ag with a thickness of 2 nm. The best
overall position of the metal films for better phatatalytic activity was underneath the BiO
photo-catalyst film. The photecatalysts that did not work were T10Cu, T20) T25Cu,
T20Au, T25Au as they reduced the photdalytic activity of TiQ. This is because leaching
increased with an increase in film thickness and in case of copper the leacfiedt&ds

photo-catalytic activity due to short circuiting reactiongj(&tions 4.1 and 4.2).
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The use of bimetat layersproved to be better than the use of one type of metal because of
their promoting effect attributed to improved charge separation and charge transfer from
metal to TiQ conduction band or from TiKXo metl nanoparticles du® synergismFor the
bimetallic layers, the best combination was that of copper and goldpoRdiecatalystthat

gave the highest phottegradation of methyl orangeas TiQ deposited on a trimetallic
layer of Au, Ag and CuThe addiion of salts and contaminants were found to reduce the
photodegradation of the target compoundadton decorated TiOphotocatalyss still
performedbetter than the pure Tg&ven in the presence of otlen@aminants other than the
target compoundnplying thatthey havepotential applicationn the industryin any kind of

environment
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Chapider
Doped,foirOvi si bl e-dleigg latd ad y @ np h «

This chapter presents the characterization and application of thes&miconductor co

dopedwith a nonmetal(carbon) and a plasmametal (Au @ Ag) on quartz spport The
chapterodés major goal I s t o maawhénuhaytare usechas e f f ¢
dopants together with carbanstead of films on top or underneath }i@s repord in

Chapter 4 The effect of plasmon met&dading on the band gap and the resulting photo

catalytic activitiesare explored.

5.1 Introduction

TiO, photocaalyst is the most promising semiconductor for phoatalysis but has a wide
band gap (Eg = 3.2V) which limits its applications. Several ways including doping have
been tried to engineer the band gap of;I8@that it can absorb visible light. It is known that
doping TiO, with transition meta could shift its optical absorption into the visiblegion
without prominent change in band gap (@hal, 2012). HowevePalaniveluet al, (2007)
reportedthat transition metal doping suffers from thermal instability and low quantum
efficiencyof the photecatalyst In thissection of thestudy TiQ wasthereforeco-doped with

a plasmon transition metal anchanmetalto improve its photeaatalytic activity. The effects

of transition metal have been widely investigated but it is still difficult to make comparisons
and draw conclusions since different paegiion procedures and parameters have heseu
(Wanget al, 2014). Also detailed information on changes in crystal and electronic structures
is still lacking as there are disputedated to the researchencein this Chapteit is aimed

to show the peparationand effects of caloping TiQ with Au/C or Ag/C and determiné¢he

optical properties and the phetatalytic activity under visible light irradiation.
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5.2 Experimental procedures

5.2.1 Preparation ofAg/C co-doped TiO,

A modified solgel method ¥ Mungondoriet al, (2013 was used to prepare tiAg/C co-
doped TiQ using glucose as the source of carbon and silver ngcdigion (0.01 M)as the
source of silver. A detailedxperimental procedure is provided Section 3.3.2.1The
amount of carbo addedn all samples was kept consta8ilver nitrate solution (0.01 M) was
added to give Ag: Ti mol rati@f 0.2, 0.5, 0.7 and 1.0 mol %. The nanoparticles were
separated from the solution by centrifugation and the resulting powder was daiedvan

at 90 °C and then finally calcined 800 °C for 2 hours to givé&g/C co-doped TiQ before

deposition on quartz

5.2.2 Preparation ofAu/C co-doped TiO,

The same procederrused for the preparation AH/C co-doped TiQ was followedfor the
preparation ofAu/C co-doped TiQ as reported already Section3.3.2.2 Tetrachloroauric
acid wasusedas the source of goltHAuCl, (2 mM) wasadded to give Au: Ti mol ratiof

0.2,0.5,0.7 and 1.0 mol %.

5.2.3 Deposition of the photecatalystson quartz

Thephotocatalysts were deposited on quartz using the method descriBedtian 3.4

5.3 Characterization of materials

The materials were characterized usdifjuse reflectance spectroscopy;ray diffraction,
Fourier transform infrared spectroscopy, -rfy phobemission spectroscopy,

thermogravimetric analysis, BET surface area, CHNS elemanrtalysis and Raman
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spectroscopy which were discussed in detaCiaper 2and the operating conditiongere

given inChapter 3

5.4 Photocatalytic activity evaluation

The photecatalytic performancee of the Ag/C co-doped TiO, and Au/C co-doped TiQ
photocatalysts were evaluated using methyl orange under visible light illumination. The

experimental set ufFigure 3.5, Chapter 3nd details arasgiven inSection 3.11

5.5 Results and Discussion

5.5.1 Optical properties

This section presents the characterization of Ag/Gamed TiQ photocatalyst with
different contents of AgAuU/C codoped TiQ photocatalystwith different contents of Au,
undoped TiQ, Au doped TiQ and Ag doped Ti® photocatalystusing U\-Visible and
diffuse reflectance spectroscopyhe UV-Vis absorption analysiwas done taestablishthe

region in which therepared photeatalystsabsorb light.

The absorption spectra 8f3/C codoped TiQ with different contents of Ag, C dop&dO,,

Ag doped TiQ and undoped Tigphotocatalystsare showrfigure 5.1.
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Figure 51: Absorption spectra of the undoped 7j@g doped TiQ, C doped TiQandAg/C

co-doped TiQ photocatalysts with different A loadings.

All the co-doped TiQ and undoped Ti@photocatalysts showed a broad absorption in the
UV region below 400 nm attributed to the band gap absorption ofaS@ result of electron
excitation transition between O 2p st&t at the valence band and Ti 3d states at the
conductionband Rahulanet al, 2011) The absorption edge of all the-doped phote
catalysts red shifted and the highest shift was achieved by the-gdtatgst with 0.5 % Ag
loading. With increase in loaty from 0.5 % to 1.0 % Ag, the absorbance blue shifted

implying that the optimum loading for Ag in this study was 0.5 %.

Gold and carbon edoped TiQ photocatalysts were also characterized by -V
spectroscopyThe absorption spectia Au/C co-dopedTiO, photocatalysts with different

Au loadings areshown in Appendix B Figure B. It can be seen thatelow 400 nm, all the
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Au/C codoped TiQ photocatalyst showed a broad absorption peak due to the charge

transfer from the valence band to the conaucband of TiG.

The diffuse reflectance spect@erating conditions presented in Section 3J1@f&g/C co
doped TiQ with different contents of Ag, C doped TiQAg doped TiQ and undoped Ti®

photo-catalysts argehown inFigure 5.2.
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Figure 52: Diffuse reflectance spectra of undoped Fi®g doped TiQ, C-doped TiQ and

Ag/C co-doped TiQ photocatalysts with different §loadings.

The diffuse reflectancespectrain Figure 5.2show a very clear and significant shift the
absorption edges of the doped photdalysts to higher wavelengths when compared to the
undoped TiQ. The reason for the red shift allowing visible light absorption is the

introduction ofthe impurity levels with Ag dopingHarikishoreet al, 204), since he

148



electron transfer from one of the additional impurity energy levels within the band gap of the
semiconductor requires lower photon energy than in undoped phOtccatalyst. There
were very small differences between the absorption edgée gfitotecatalysts with 0.2 %,

0.7 % and 1.0 % Ag loading. A significant shift was observed for the adédyst with Ag
loading of 0.5 %. Of all the doped phetatalysts, the one doped with carbon as the only
dopant (0.0 % Ag) showed the least shwhich shows that cdoping is better than the use

of one dopant in enhancing visible light absorption.

Gold and carbon cdoped TiQ photocatalysts were also characterized by diffuse
reflectance spectroscopyhe diffuse reflectancspectraof the Au/C co-doped TiQ photo

catalysts are shown Figure 5.3.
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Figure 53: Diffuse reflectance spectra of the undoped ;JiO-doped TiQ and Au/C co-

doped TiQ photocatalysts with different Au loadings.
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There wa ashift of the absiption edge of all the doped photcatalysts into the visible
region when compared to undoped TiQhe reason for this red shift wasobably the
formation of newenergy levels above the valence band of,TdOe to the incorporation of
carbon and Au intdliO, (Jianget al, 2013).Au/C co-doped TiQ (0.0 % Au) exhibited
better red shift than all thAu/C co-dopel TiO, photocatalysts. As the Au loading was
increased from 0.2 % to 0.5 %, the absorption edge significantly shifted to higher wavelength
(low energy) and then it slightly shifteid low wavelength when the Au loading was further
increased to 0.7 %. This explainhe importance of optimum doping of transition metal
otherwise the syneigfic benefits of caloping maynot come into effectln this gudy the
optimum Au loading for caloping TiGQ with carbon and gold was found to be 1.0 %
although there as a very small difference between the absorption edge compaféd,to

photo-catalysts with 0.5 and 0.7 % Au contents.

5.5.1.2 Tauc plots for band gp determination

The band gaps were determined by the use of Tauc plots which are plots of [F{R)*hv]
versus photon energy. In the calculations, the value of n was 2 for indirect allowed transitions
since it fitted well when compared to n=1/2 for theedir allowed transitions. The
extrapolation to the horizontal axis (energy axis) gave an estimate of the value of the band
gap Egy). Undoped TiQ gave the most well defined absorption edge that made it quite easy to
make an extrapolation and determine taadgap more accuratelgenerally, the band gaps

of all the Ag/C cedoped TiQ photacatalysts were lower than that of undopedTiO

The Tauc plots ofundoped TiQ, Ag doped TiQ and Ag/C codopedTiO, photccatalysts

with different contents of Agre $iown inFigure 5.4
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Figure 54: Tauc plots ofundoped TiQ, Ag doped TiQ and Ag/C co-doped TiO, with

different contents of Ag.

There was a decrease in the band gap from 2.83 eV to 1.95 eV as the Ag loading was
increased sm 0.2 % to 0.5 % and a further increase inrtetalloading caused band gap
widening as shown in Figure 5.4The possible reason for the increase in band gap with
increase in Ag content above 0.5 % was the dominance of-dhiashsitions over the sp
transitions. In this study, the optimum loading of Ag to achieve the lowest band gap when co
doping TiQ with silver and carbon was found to be 0.5 %. It is important to note that there is

formation of new occupied bands as a result of the hybridizatigxgaefd and Ti 3d states

which can affect the properties of the semiconductor.

The Tauc plots of undoped T¥DAu doped TiQ and Au/C cedoped TiQ photocatalysts

with different contents of Au are shownhigure5.5
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Figure 55: Tauc plots ofundoped TiQ, Au doped TiQ and Au/C codoped TiO, with

different contents of Au.

It can be seen from thEaucplots that thergvas no regulatrend forband gaps as the amount
of Au was increasettom 0.0 % to 1.0 %The TiQ photocatalystdoped with carbon only
(0.0 % Au) had a lower band gép.77 eV)than TiQ photo-catalystswith 0.2 % (2.88 eV)

0.5 %(2.83 eV)and 0.7% Au (2.85 eV)implying that, with these Au contentisere was no
synergy between carbon and Aureducing bandyap of TiO, unlike in the case with Ag.
When gold was used as the only dopant, it also resmlt@dower band gapiO- than the ce
doped TiQ with 0.2 %, 0.5 % and 0.7 % Au. Thefedings suggest that the ratio between
the elemets used as dopants shaipe optimized if the synergy is to come into play. The
differences in the band gap valuesevalso very small in these three samples. The lowest

band @p of 2.45 eV was achieved wi#tu content of1.0 %.
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The efiect of dopant conteran the band gap dFiO, photccatalyss is summarizedn Table

5.1.

Table 51: Band gaps otindoped TiQ, Au/C codopedTiO, andAg/C co-dopedTiO, with

different contents of Au and Ag.

Band gaps from Tauc plots

Sample (M=Au or Ag) Au Ag

UndopedTiO, 3.02 3.02
M doped TiQ 2.75 2.90
C doped TiQ (0.0 % M) 2.77 2.77
C/M co-dopedTiO, (0.2 %M) 2.88 2.83
C/M co-dopedTiO, (0.5 % M 2.83 1.95
C/M co-dopedTiO, (0.7 % M) 2.85 2.53
C/M co-dopedTiO, (1.0 % M 2.45 2.72

When compared to goldsilver has better synergistic properties with carbon as this
combination gave the highessible light absorption enhancement using a dopant level of 0.5
% Ag resulting in a TiQ photocatalyst with a band gap of 1.95 .€Whe reason for the better
perfomance of Ag in making Ti®visible light responsive could be its small saemic
radiuswhen compared to Au hence its incorporation into the, Ti@stal structure is more

likely favored than Au.

5.5.2 Raman Analysis

Anatase and rutile phases of Ti@an be identified by Raman spectroscopy based on their
spectra. On the basis of the factor group analysis, the anatase phase has six actia¢ modes
144 cm' (Ey), 197 cni' (Eg), 399cm™ (B1g), 513 cm' (A1), 519cm™ (B1g) and 63%mi* (Ey)

(Brojcin et al, 2005 Zhanget al, 2006§. The Raman bands typical of the rutile phase appear
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at 143 crit (normally superimposed with anatase peak at 144)c#85 cni, 447 cm' and
612 cm' due toB14, two-phenon scattering (TP, and Ag modes respectively (Chiaset

al., 1974).

5.5.2.1Raman analysis ofAg/C co-doped TiO, photo-catalysts

The Raman spectra afndoped TiQ, Ag doped TiQ and Ag/C cedoped TiQ photo
catalysts with different Ag contentgre shown inFigure 56. Preparation of the doped

sampless presented in Section 3.3.2.1 and Section 3.3.2.4.
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Figure 56: Raman spectra of doped TiQ, Ag doped TiQ and Ag/C cedoped TiQ with

different contents of Ag dopant.

All the Ag doped TiQ photocatalysts had major peskrom the rutile phase. The major peak

common to all samplesiue to the Emode was found at 14Em* in the spectra of the
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undoped TiG photocatalyst and at 147 chin the spectra of all doped Ti@amples showed
aslight shift of 2 crit. This peaks very sensitive to the vibrational mode of th@i@D bond

(Lin et al, 2007). It is important to note that the strength of the Raman peak depends on the
polizability of the G around the Ti" hence the presence of oxygen vacancies affee® Ti

vibrationresulting in Raman shifts and changes in peak width (Sethalg 2009).

With carbon and silver edoping, new peaks at 237 ¢m451 cm' and 615cm™* (all major

peaks) from the rutile phase of Ti@ppeared due towo-phenon scattering, ggand Ag
respectively. The twgpohenon scattering peak was more intense in the spectra ptioped

with Ag only, carbon only and C/AgiO, with 0.5 % Ag loading. Three peaks at 40§

(B1g), 525cm’ (B1g) and 645cm™* (Eg) which appeared in the spectra of C andc&doped

TiO, did not appear at all in the spectra of C/Agdaped TiQ. This means that different
dopants result in different anatase to rutile ratios even when the dopant levels are the same
(Table 5.3) No apparentchanges in Raman shifts were obgserwhen the Ag loading was
increased from 0.2 % to 1.0 %. When compared to Au doping, Ag doping caused
significant reduction in intensity of the Fpeak assigned to anatase implying that Ag

promoted anatase to rutile phase transformation more than Au.
5.5.2.2Raman analysis of Au/C cedoped TiO, photo-catalysts

The Raman spectra of undoped 7i@wu doped TiQ and Au/C cedoped TiQ photo

catalysts with different Au contents are showiigure 5.7
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Figure 57: Raman speca of urdoped TiQ, Au doped TiQ and Au/C cedoped TiQ with

different loadings of Au dopant.

Well defined peaks were observed at b#s' (Ey), 244 cm’ (two-phenon scattering), 404

cm™ (B1g), which was prominent in undoped BiG#53cm™ (Ey), 525cmi* (Byg), 617 cmit

(A1g ) and 641cm’(Ey). With an increase of gold content, no apparent change of Raman
shifts were observed for most peaks except for the decrease in intensity and appearance of
new Raman peaks. When the gold content was increased f2o% @ 0.5 %, there was a

major decrease in the intensity of the peak at 143, aisappearance of three peaks at 404

cm* (Byg), 519 cni (Byg) 641 cni(Ey) andanincrease in intensity of peaks at 237°5m51

cm* and 617 cnt. With a further increasén gold content up to 1.0 %, the peaks that had

disappeared reappeared.
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The strongest band for the anatase phase was at 148 ¢he spectra of undoped Ti@nd

it slightly shifted to 147 cin the spectra of doped Ti@hotocatalysts The presencef
the 244 crit peak due to the rutile phasas observeth all doped TiQ samples but nahe
undoped TiQ which showedthat the introduction of impurities in therystal structure of
TiO, promotesanatase to rutile phase transformatidiis was also pported by the
reduction in intensities of the anatase peaks atcA®4and 644cmi’ and a huge increase in
the intensities of the rutile peaks at 458" and 617cm™ in the spectra of doped Ti@Photo
catalysts. The vibrational mode of the rutile ghas 143 crit in all samplescould not be
detected probakpldue to the superimposition dfe anatase peak at 144 tnGenerally all
peaks in the spectrum of undoped T#de due to the anatase phase. When only carbon was
used as the dopant, tkg peak & 144 cm® nearly disappeared and all its majmaks were

due to the rutile phase.

5.5.3 XRD Analysis

This section presents the XRD analysis of undoped, TAQ doped TiQ, Au doped TiQ, C
doped TiQ, Ag/C codoped TiQ and Au/C cedoped TiQ photocatdysts. The operating

conditions and model of the instrument used for analysis was presented in SA&i@n

5.5.3.1 XRDanalysis ofAg/C co-doped TiO, photo-catalysts

The XRD mtterns of undoped TiOand Ag/C co-doped TiQ photocatalyst are shown in

Figure 5.8.
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Figure 58: XRD patterns of undoped Tiand Ag/C co-doped TiQ photocatalysts with

different contents of Ag.

In Figure 5.8he peaks at 2d 25. 1225, 888°60M°, 7487an® A, 5:
82.4°for all samplesorrespond to the diffraction of (101), (004), (200), (105), (211), (204),

(116), (301), (215), and (224) crystal faceshaf anatase phase of Bi(An et al, 2012). The

peaks at 27.6°, 36.1 °, 41.1°, 43.81°, 54.6° (only found in undopeg dmd 68.8° wee due

to the (110), (101), (200), (210), (220) and (301) mirror planes ofrthide phasewhich

support Raman datdhe peak at 2 theta 63.7 ° whialas only present in the doped photo

catalysts could be assigned to the (220) crystal planes of Ag (Bata&ht2011). All the

XRD peaks for the photoatalysts with Ag loading of 0.2 % and 1.0 % shifted slightly by

approximately\2 ¢ +0.3°.
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When tre spectnm of undoped TiQ is compared with doped TiOphotocatalysts, the
relative intensities of some4p& adalteredrdae p e a k
to lattice distortion and change tine degree of crystallinity agsed by dopants. The ratio of

XRD peaks was also changed due to transitiom anatasé¢o rutile resulting in larger rutile

grain sizgDorian & Sorrell., 2011).

The XRD results were in agreement with Raman results which also showed that Ag and
carbon o-doping of TiQ promoted anatase to rutile phase transformation. For instance, the
intensity of the major peak &t &= 25.1° due to anatase in the spectra of the undoped TiO
reduced significantly when the TiQwas co-dopedwith Ag and C (all samplesand it
completely disappeared in the spam of TiO, doped with carbon onlyThe peaks a2 o=

27.3°, 36.2 ° and 41.1due to rutile phase which were very small in the spectra of undoped
TiO; increased in intensity in the spectra of all doped,flbtocatalysts indicating phase
transformatiorhad beennduced by dopingvith Agand carbon Ther e was a new
value of 43.8° due to anatase which was -eaistentin the spectra of undoped Ti®ut

present in all dopediO, sanples. The major phase in tikedopedTiO, (0.0 % Ag) wa

rutile as shown in its spectrum in Figure @h very intense peaks due to rutieéhen
compared to other specttAwo new peaks at 2d = 43.6A and
phase and Ag respectively appeared in the spectra of all doped samples budt wisible

in the spectra of undoped TiO

5.5.3.2XRD analysis of Au/C co-doped TiO, photo-catalysts

The XRD mtterns ofundoped TiQ and Au/C cedoped TiQ photocatalysts are shown in

Figure 5.9.
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Figure 59: XRD patterns ofundoped TiQ@ and Au/C co-doped TiQ photocatalysts with

different contents of Au.

Generallyas Figure 2 showsthere was no general trend followed as the Au dopant content

was increasedlhe peaks observad the Au/C co-doped TiQ samples due to anatase and

rutile phases weralso found in the spectra éfg/C codopedTiO, but with differences in

relative peakintensites The maj or peak at 2d = 25.2A di
disappeared in the spectra of Fi@oped with carbon onlyG dopedTiO, (0.0 % Au)} is

found in the spectra of all gold/carbon-doped TiQ photocatalysts and undoped TiQA

significantd ecr ease i n i nt ensi)twgsonyffound mithe speceaack ( 2 d
Au/C codopedTiO;, (0.5 % Au). This shows that doping with Au doest cause much

anatase to rutile phase transformation when compared to the silver. Thités fupported

by the anatase di ffr aappeasdin thp gol/karbantdop2ddseries 3 7 . &
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of samples budisappeared completely ithe spectra of the Ag/€o-doped TiQ. New

diffraction peaks were observed at 43.5° and 63.72° ispketa of the gold/carbon doped

seriesos ampl es due to rutile and anatase respec
to anatase phase appeared ingbkl dopedsamples butvas not presenn the pectra of

Ag/C codoped samples ardisappeared compldy. As a comparison, Au/C etoped TiQ

showed more intense peaks due anatase than due to rutile whereasocA@ed TiQ

showed intense peaks due to rutile than anatase phase. Thereforelgivey favoured

anatase toutile phase transformation bgold does not.

Table 5.2shows detailed XRD resulfaccurate peak positions;sgpacing, relative intensities,

peak heights and full width half maximum (FWHMQr undoped TiQ photo-catalyst which

is thereference for all theeries ofdoped TiQ photo-catalysts. From the relative intensities,

it could be seen that the major peak for undopegWi@s at 2d = 25. 13A du

phase.

Table 52: Detailed XRD values of undoped TiPhotocatalyst.

Pos. [2 Theta®] élght[cts] FWHM[2 Theta °] -dpacing [A] Rel. Int. [%]

18.1639 51.05 3.2118 4.88407 1.41
25.1581 3618.42 0.8029 3.53988 100.00
27.2099 385.28 0.8029 3.27743 10.65
37.7769 976.21 1.0706 2.38144 26.98
41.0751 123.24 0.8029 2.19752 3.41
47.9233 1781.63 0.5353 1.89827 49.24
53.8523 1267.29 0.5353 1.70244 35.02
55.0533 945.41 0.8029 1.66811 26.13
62.6063 1009.71 0.5353 1.48381 27.90
68.7461 505.43 0.5353 1.36551 13.97
70.2036 457.50 0.5353 1.34069 12.64
75.0119 717.44 0.5353 1.26623 19.83
82.6978 412.39 0.8029 1.16695 11.40
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The crystalbgraphic parameters of treolgel synthesised undoped Ti@btained from the
XRD instrument were as follows; crystal s tetragonal, space group: P42/mm, space
group number: 136 and the lattice constarffs),ab(A) and ¢A) were 4.5928, 4.5928 and
2.9605 respectivelyThe volume of the cell waB2.45x (1 pm®). From this information it

shows that the prepared undofge®, had no brookite phase but only anatase and rutile.

To estimate the anatase percentagéojAequation 5.1 was used for calculati¢hs et al,

2014).

Where: |is the peak intensity of rutile at 2 theta value of 27.4°.

lais the peak intensity of anatase at 2 theta value of 25.3°.

The amount of rutile that wasransformed as a mass fractiorgRvas calculated using

equaton 5.2 (Danget al, 2010)

5.2

where: hi s the integrated intensity of (101) ansce

lRi s the integrated intensity of (110) r u

The calculated percentage of the anatase phake undoped Ti@photocatalyst was found
to be 88.13 % and the fraction of rutile using equation 5.2 was 0.1188 which is 11.88 %. The
calculated anatase and rutile phases in allstitggel synthesized undoped and dopedTiO

photccatalysts are shown Table 5.3
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Table 53: Calculated percentages of anatase and rutile phases.

Sample Percentage of Anatase Percentage of Rutile
Undoped TiQ 88.13 11.88
C dopedTiO, (0.0 % Au) 2.09 97.91
Au/C codopedTiO, (0.2 % Au) 63.32 36.68
Au/C codopedTiO, (0.5 % Au) 23.73 76.27
Au/C codopedTiO, (0.7 % Au) 55.96 44.04
Au/C codopedTiO;(1.0% Au) 64.63 35.37
C dopedTiO, (0.0 % Ag) 2.09 97.91
Ag/C codopedTiO, (0.2 % Ag 22.60 77.40
Ag/C codopedTiO, (0.5 % Ag 22.95 77.05
Ag/C codopedTiO, (0.7 % Ag 2.20 97.80
Ag/C codopedTiO, (1.0 % Ag 13.92 86.08

When carbon was the only dopant usedyats observed thahe highest anatase tatile

phase transformatiomccurredand the sample ha#.09 % anatase and 97.91 % rutile
followed byAg/C co-dopedTiO, (0.7 % Ag photacatalyst with 2.20 % anatase and 97.80 %
rutile. There was no general trend followed on the extent of anatase ® phtise
transformation as the Au content was increased. In case of Ag doping, there was a general
increase in the anatase to rutile phase transformationamithcrease in the Ag content.
When compared to Au, Ag favoured more anatase to rutile transfomaatd these results

are in agreement with the observed Raman results.
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5.5.4 Garbon content determination

This section presents the CHNS analysis of Au/Gdaped TiQ photocatalysts. The
procedure for the analysis was presented in Section 3T2eACHNS analyser was used to
determine the carbon content al carbon and gold edoped TiQ photocatalysts to
determine the amount of carbon in the resultingloped photacatalysts.The percentage of

carbon in Au/C caloped TiQ photocatalysts are shown Table 5.4.

Table 54: Carboncontentanalysis ofAu/C co-doped TiQ photccatalysts with different Au

contents.

Sample Percentage of Carbon
C dopedTiO, (0.0 % Au) 0.46
Au/C codopedTiO; (0.2 % Au) 0.44
Au/C co-dopedTiO, (0.5 % Au) 0.55
Au/C codopedTiO, (0.7 % Au) 0.53
Au/C codopedTiO; (1.0% Au) 0.41

There was ngeneral trend that was foufar the amount of carbon in the doped Tighoto
catalysts The highest carbon content was found e O, photocatalyst doped with 0.5 %
Au and the least in the sample that was doped with 1.0 % Au as shdwablen5.4 There
was also no general trend that was observed on the bamsthifiapeported in Section 5.5.1.2

with the amount of carbon that svéound in the Au/C caloped TiQ photcocatalysts.

5.5.5FTIR analysis of cedoped TiO, photo-catalysts

The FTIR analysis proceduveas presented in Section 3.12T®e FTIR spectra of thag/C-

TiO, photocatalysts in the region between 400 tamd 400G are shown in Figur.1Q
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Figure 510: FTIR spectra ofAg/C co-doped TiQ photocatalysts with different Ag contents.

The broad peakaround 3450 cihand at 1655 cihwere assigned to thetretch vibration
and characeristic bendingfrequencyof O-H groupsof adsorbed water respectiveping et
al, 2000). hese were more intense in the spectrum of the ptaitdyst with Ag loading of
0.5 %. The pronounced broad band in the range-300 cn' was assigned to the stirhing
vibration of the THO bond and it was common in the spectra of all samplespeak at 2358m

! due to the presence of carbon specRadniveluet al, 2007)is common to all samples
except TiQ that had 0.0 % Ag loading and undoped JiBrom his observation it can be
assumed that the appearance of this peak was caused by the presence of Ag upth@dio

catalystsThe undoped Tigis the only photecatalyst that has a peak at 155"

The FTIR spectra oAu/C co-doped TiQ photocatalyss are shown idppendix B Figure B

2. The spectn are similar to those of th&g/C co-doped TiQ photocatalysts but with
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relatively lower intensities of the peak around 2358'cifhe spectrum of Au/@o-doped
TiO, with Au loading of 1.0 % showed the nmigzronounced peaks around 34&®™* and

1655 cni assigned to the hydroxyl group of adsorbed water.

5.5.6BET surface area analysis of doped Ti@

The BET surface area analysis was used to determine the surface area, pore volume and pore
size of theundoped anddoped TiQ photo-catalysts andhe detailed procedure for analysis
was presented in Section 3.12he BET surface area, pore volume and pore size of

undoped TiQand doped Ti@photocatalysts are shown in Table 5.5.

Table 55: BET surface area, pore volume and pore size of undopgegdand doped Ti@

photo-catalysts.
BET
Pore volume Pore size
Sample surface 3
area (mf/g) (cmi) (nm)
Pure TiQ 68.97 0.28 16.48
Au doped TiQ 50.25 0.26 24.37
Ag doped TiQ 33.75 0.12 14.47
C-doped TiQ (0.0 % AQ) 83.14 0.23 15.35
Ag/C codoped TiQ (0.2 % Ag) 11.14 0.10 36.47
Ag/C codoped TiQ (0.5 % Ag) 15.07 0.13 33.54
Ag/C codoped TiQ (0.7 % AQg) 32.00 0.28 35.31
Ag/C codoped TiQ (1.0 % AQ) 28.66 0.13 18.50
Au/C codoped TD, (0.2 % Au) 47.04 0.26 22.23
Au/C codoped TiQ (0.5 % Au) 47.53 0.26 24.12
Au/C codoped TiQ (0.7 % Au) 47.77 0.26 25.28
Au/C codoped TiQ (1.0 % Au) 23.20 0.16 27.32
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The differences in the surface area and porosity of particles of the samalmateich
otherwise may have the same physical dimensions; can greatly influence its performance
characteristicsThe highest surface areaas achieved when carbon wased as the dopant
implying that carbon doping increases the surface area of Viensilver or gold were

used as the only dopants there was a decrease inrfaeesfrom 68.97m?g for undoped

TiO, to 33.75 /g and 50.25 g for silver and gold doped TiQespectivelyThese results

show that doping with either silver or gold redsittee surface area of T{O

The surface area of tralver carbon caloped TiQ photocatalystsincreasedslightly with
increase in the silver contermichdecrease with silver contents above 0.7 %. The trend

was also observed whehe gold content wasicreasedlt is believed that a photoatalyst

with high surface areia desirable since an enhanced surface area allow greater adsorption of
pollutants resulting in enhancement of pho#alytic activity.The results from this analysis
showed that calopng of TiO, with either silver and carbon or gold and carbon results in a

decrease in the surface area of Jjphotocatalyst.

5.5.7Thermal properties co-doped TiO, photoatalysts

Thethermogram®f the prepared photcatalystswere obtained by heatingraples (10 mg)

from 20 °C to 800 °C at a heating rate of 20 °C/min in a nitrogen environfrtensamples

were analysed in powder form after calcination as is detailed in Section 3.Th@&0.
thermograms showing the percentage weight édssrdoped TiQ and Au/C cedoped TiQ

photo-catalystswith increasingemperature are shown kigure 5.11
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Figure 511: Thermograms ofindoped TiQ and Au/Cco-doped TiQ photccatalystsin

powder form

All the Au/C co-doped TiQ and undped TiQ photo-catalystsshowed a mass losgaround
100 °C due tdhe loss of adsorbed water fratre TiO, surface. There was a gradiradrease
in total weight loss untiBOO °C withan increase in Au content. The Ti@vith 0.0 % Au
showed a total weidgHoss of 1.48 % whereas the Li®@ith 1.0 % Au showed 3.35 % weight
loss Since the total mass lost wWlass than 3.35 %, it suggests that the ploatalysts were
thermally stable. It is likely thahost carbonaceous materialrfraylucose (&lopant soure)

was combusteduring the calcination processair.

Thethermograms of carbon and silverdoped TiQ photocatalysts are shown lppendix
B Figure B3. The percentage weight loss of the phattalysts also increased with increase

in Ag loading. Wien the total weight Ieaes were compared between e&C co-doped TiQ
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andAg/C co-doped TiQ photocatalysts, generally the gold doped Tighotocatalysts lost
more weight than the silver doped Tifhotocatalysts for the same metal content as shown

in Table 5.6

Table 56: TGA percentage weight loss of C/metatdmped TiQ photo-catalysts.

Percentageweight loss

Photo-catalyst
M = Au M = Ag

UndopedTiO; 3.83 3.83
C doped TiQ (0.0 % M) 1.46 1.46
C/M co-doped TiQ (0.2% M) 1.99 1.73
C/M co-doped TiQ (0.5 % M) 2.25 1.76
C-M co-doped TiQ (0.7 % M) 2.78 2.18
C/M co-doped TiQ (1.0 % M) 3.08 2.36

The small change in weight of the undoped ;Ji®u/C codoped TiQ and Ag/C cedoped
TiO, photocatalystswas due to theatt that, the samples had already been subjected to

calcination before the TGA analysis thus most volatiles would have evolved.

5.58 Photo-catalytic evaluations under vsible light irradiation

This section presents the evaluationtleé photocatalytic ativities of quartz supported
undoped TiQ, Ag/C co-doped TiQ and Au/C-co-doped TiQ@ phob-catalyststhat were
prepared according to the procedure specified in Section 88 methyl orangsolution

under visible light irradiatiomat 25 T and pH 7asdetailed in Section 3.1The experimental
setup of the photadegradation process is shown in Figure 3.5. The varied parameter was the
metal dopant content in the Ti@hotcocatalyst the control wasindoped TiQ photccatalyst

and the fixed parameters eve the experimental conditions (initial methyl orange

concentration and volume, light intensity, pH and temperature)

169



5.58.1 Photo-degradation of methyl orange usingAg/C co-dopedTiO,

Figure 5.12 shows the phetlegradation curves of methyl oran@®0mL, 10 ppm)using
undoped TiQ, Ag doped TiQ and Ag/C cedoped TiQ photocatalysts with different

contents of Ag underisible light irradiation at 25 °C and pH 7.
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Figure 512 Photedegradation curves df0 ppmmethyl orangesolution using Ag/C co-
doped TiQ photocatalyss with different contents oAg undervisible light irradiation at 25

°CandpH 7

The Ag/C co-doped photecatalysts showed different phetiegradation rates which were
higher than that of undoped Ti@hotocatalyst. The possible reasons for the differences in
the photedegradation activities include (i) the differences in the anatase to rutile ratios in the
samples, (ii) surface area/particle size differences, (iii) @iffiecontents of residual cant,

(iv) different rates of recombination of charge carriers and (v) different band gap values.
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The highest photdegradation of 60 % under Vide light for a period of 300 minutesas
achieved by Ti@doped with carbon only (0.0 % Ag) probably becausthefhigh surface
area for adsorption of the contaminaifitor the carbon and silvezo-dopedphotocatalysts,
there wa anincrease in photdegradation of methyl orange from 47.61 % to 52.07 % after
300 minutes when the Ag loading was increased fron%®t2 0.5 % and it decreased with

further increase in Ag content to 0.7 % as showFiguire 5.12.

The optimum loading of Ag in thAg/C co-doped TiQ photocatalysts for efficient photo
degradation of methyl orange was found to be 0.5 %. The reasoniddrigh activity is
ascribed tothe lower band gap of 1.95 eMgble 5.1)and thusimproved visible light
absorption. It is important to note that the material with a lower lgapdvill not always
have higher photgatalytic activity. For instance, ehploto-catalytic activity ofAg/C co
dopedTiO, (0.7 %) with a calculated band gap of 2.53 eV was lower thainof Ag/C co
dopedTiO; (1.0 %) with a band gap of 2.72 eV which was unexpected on the basis of band
gaps. This observationsuggestghat band gapnarrowing could improve the visiblelight
absorptionbut without necessarilyymproving visible-light photecatalytic activity In some
cases the band gap reduction cannot give good em@adation efficiencies as expected
due to other factors such aspant leve] or surface areashich come into playT'he dopant
level directly influences '¢h* recombination ratesind for optimal é/h* separation, the
magnitude of the potential drop acrdke spaceharge layer shoulle greater thar0.2 V
(Gautronet d., 1981, Gupta & Tripathi.; 2011As a result there is an optimum dopant
loading that gives a spacharge region that allow®r efficient separatiorof the charge
carriers. Henc&g/C codopedTiO; (1.0 %) photecatalyst could haveewer recombination

rates tharAg/C codopedTiO, (0.7 %) which explains the observed results. These findings
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show that the optimum dopant level to achieve low band gaps is different from the optimum

loading to achieve low recombination rates.

Anatasehas been reported tee bmore photaatalytically active than the rutile phalsat all

the o-doped sampleparticularlythe Cdoped TiQ photo-catalyst which had lower anatase
showed higher photoatalytic activity than undoped TiOwhich had more anatase than
rutile. Howeveyit has been found that a mixture of anatase and rutile with a ratio of 75: 25 is
beneficial in reducing recombination of charge carriers resulting in a much higher photo
catalytic activity than either pure anatase or pure rutile, fkibtocatalyst (Haiel 2013;
Zhanget al, 2008) This could alsqgpartially explain why Ag/C codopedTiO, (0.5 %)

showed the highest phetatalytic activity.

5.5.82 Photo-degradation of methyl orange usingAu/C co-dopedTiO,

The photedegradation curves ahethyl orangg100 mL, 10 ppmusingundoped TiQ and
Au/C co-doped TiQ photocatalystswith different contents of Au undevisible light

irradiation at 25 °C and pHate shown irFigure 5.13.
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Figure 513. Photedegradtion curves of 1(pm methyl orange solution usiru/C co-
doped TiQ photocatalystswith different contents of Aundervisible light irradiation at 25

°Cand pH 7

The Ag/C codoped TiQ photocatalysts performed better than the undoped, Fifioto
catalyst but there wasno correlation observed between photdalytic activity andthe
increasing Au contentThe highest photoatalytic activity was achieved by the photo
catalyst with the highest Au content and the smallest band gap hence the efficient visible light
absorpion gives a rationale for this observed result. The sample with a gold content of 0.7 %
had the highest BET surface area among the gold dopedphiiccatalysts but its photo
catalytic activity was not the highest as could be expet¢iedce higher surte does not
necessarily mean higactivity. The better performance of the doped Fi€»uld also be
attributed tothe trapping of photgenerated electron pairs thereby effectively separating the

electronhole pairs (Jiangt al, 2013).0n the other handhe incorporation oflopants can
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introduce defect leveland break the crystal symmetry resulting in an increasesible light

absorption thus enhancimdficient photecatalyss (Stonehanet al, 2007).

It has been reported that-doping with diffeent elements could achieve some synergistic
effects between the incorporated elements resulting in better performance of {iphdi®
catalyst than the single element doped Iilanget al, 2013).In this study cedoping TiG
with carbon and gold (1.06) was found to improve phottegradation of methyl orange
morethan using TiQ doped with carbon only although this was not the caseaaithonco-

doping with Ag, hence the metal type also plays a role in the {atoitaty

5.5.8.3 Comparisorof the efects of Au Ag and Con TiO, photo-activity

This section presents a comparison of the effects of both Au and Ag when they are used with
carbon to ceadope TiQ photocatalyst. Table 5.6shows the percent phetiegradation of
methyl orangg100 mL, 10 ppmafter 300 minutes by C doped TiQAu doped TiQ, Ag

doped TiQ, Au/C co-doped TiQ and Ag/C cedopedphotocatalyss.

Table 57: Percenphoto-degradation oMeO usingAg/C co-doped TiQ and Au/C cedoped

TiO, photocatalystaundervisible light irradiation at 25 °C and pH 7

% Degradation after 300 minutes

Photo-catalyst
M (AQ) M (Au)
M dopedTiO, 42.40 56.21
C dopedTiO, (0.0 %) 59.36 59.36
C/M co-dopedTiO, (0.2 % M) 47.61 61.92
C/M co-dopedTiO; (0.5 % M) 52.07 50.06
C/M co-dopedTiO, (0.7 % M) 40.74 50.98
C/M co-dopedTiO, (1.0 % M) 47.36 64.81
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Table 5.7 shows that, Au generally improved that pleatalytic activity of TiQ than silver
hence metal type plays a role in ighotcactivity. There was no generaknd followed in

the photecatalytic activities withanincrease in metal loading. It is clear from the table that
when carbon is used as the only dopant, it performs better than silver or gold doped TiO
whereaghe Ag or Au carbon cdoped TiQ photocatlystswere not as actiyeapart from

Au/C codoped TiQ photo-catalyst This could be ascribed the high surface area of the C
doped TiQ photocatalyst. Higher surface area promotes adsorption of the contaminants
resulting in an increase in phedegralation. The synergistic effects came into play in
reducing the band gapvhich was not the only parametérat affected photecatalytic
activity. The catalytic performance depended also on surface properties particularly the
surfa@ phases since the reacts tookplace on the surface of TiOHence the TiQsurface
phasethat was exposed to light plays amportant role in the photdegradation process
(Linsebigleret al, 1995). This ex@linswhy some photaatalysts with low band gap had
lower phota-catdytic activities than some photwatalysts with a slightly higher band gap.

case of carbon and gold-doping, it was only the photoatalysts that had Au content of 0.5

% and 0.7 % which showed a lower photdalytic activity than the single elemerdpeéd

TiO,. This shoved that there is an optimum dopant level that is required to have a synergy

between the carbon and the Au.

5.5.9Kinetics of methyl orange photedegradation by cadoped TiO,

The kinetics oimethyl orange photdegradation under visibllight by cedoped TiQ photo
catalysts are given in graphical form by plotting tbhgarithm of the normalized methyl
orange concentration against irradiation timide reactions followedirst-order kinetts
regardless othe type ofphotocatalystused as was evidenced by the linear relationship

betweenrradiationtime and thdogarithmof the normalized concentratioshown inFigure
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5.14for Ag/C co-doped TiQ andFigure 5.15for Au/C co-doped TiQ photo-catalysts All
the series ofdoped TiQ phob-catalysts showed higher phetatalytic activity and rate

constantghanthe undoped Ti@photocatalyst.
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Figure 514: Kinetics of the photalegradation of methyl orange using carbon and silver co

doped TiQ.

Figure 5.14 showshat he Gdoped TiQ had the hghest rate when compared Ag/C co-
dopedTiO, photacatalysts. Among thAg/C co-doped TiQ photocatalysts, the highest rate

of 2.45 x10° min™ was achieved byhe photocaglyst with a silver content of 0.96 while

the photecatalyst wih 0.7 % Ag content gave the lowest phdegradatiomate of1.74 x10°

min™. The photodegradatiorate increased when the Ag loading was increased from 0.2 %
to 0.5 % then decreased when the Ag loading was increased @bdke Cedoping of TiQ

with Ag and C vyielded better photegradation rates than -doping with Ag only but
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overall TiO, doped with only carbon performed better than rtetal co-doped TiQ photo

catalysts.

Figure 5.15 shows thkinetics of the photalegradationof 10 ppm methyl orange using
undoped TiQ, Au doped TiQ and Au/C codoped TiQ photocatalystswith different

contents of Au.
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Figure 515: Kinetics of the photalegradation of methyl orange using carbon and goid

doped TiQ.

Among the Au/C caloped TiQ photcocatalysts, the sample with the highest Au loading
gave the highest phottegradation rate of 3.22 x T@nin® and the least photdegradation

rate of 2.32 x 18 min™ from TiO, photocatalyst with 0.5 %Au.
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5.10 Summary

Au/C co-doped TiQ andAg/C co-doped TiQ photocatalysts were successfully prepared by

a simple sehel techniqueand uniformly deposited on the quartz substrates. The agreement
between the XRD and Raman analysiich is surface sensre suggests that the crystal
phase in the surface region was the same as that in the bulk region. Raman spectroscopy
made it possible to correlate the surface phase of T@Qhe photecatalytic activity No

general correlation was observed betwidentand gap reduction and phetatalytic activity

with an increase in metal loading. The lowest band gap of 1.95 eV was achieved by co
doping with carbon an@ Ag loading of 0.5 %. The optimalontents of Ag oAu for better
photo-catalytic activities wer@.5 % and 1.0 % respectivelyt in general the Au/C edoped

TiO, photccatalysts were more active than Ag/Gdmped TiQ photocatalysts under the
applied conditionsThehigher photecatalytic activities of the Au/C edoped photecatalysts

could be exm@ined by the high anatatlean the rutile phaseontent This is in agreement

with literature that anatasensore active photeatalytically than rutile but a mixture of the

two in a ratio 4:1 anatase to rutile could lbetter than both pure alaaé and pre rutile due

to improved charge transfer and charge separation at the interfaces of the two polymorphs.
The highest photoaalytic activity for the degradation df00 mL of 10 ppmmethyl orange

of 64.81 % after 300ninutesunder visible light at 25 °Cral pH 7was achieved by using

Au/C codopedTiO, (1.0 % Au) photecatalyst.
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Chapté er

Prepar at ii/opnl aosfmoln Omet a l nanocompo

the removal of dyes i n wa

6.0 Introduction

Attempts to improve the photmatalytic activity of TiO, to efficiencies above 50 % by
increasing its spectral response into the visible region through narrowing its band gap by
doping have proven to be challenging. Thivecause of defedéhduced charge trapping and
recombination sites of pho#xcited clarge carrierswhich compromise its photcatalytic
activity. This chapter reports on the evaluation of the phatatalytic actity of
nanocomposites ofiO, photocatalystand plasmon metal namoaterials (Au, Ag and Cu)

The chapter addressthe advantges of combining low band gajopedTiO, photocatalyst

and metal nanoparticles to reduce electiole recombination rates.

Plasmon metal nanostructures used to prepare the nanocomposites included spherical
nanoparticles, nanorods and dendritic strusturth the case of spherical plasmon
nanoparticles, copper, gold and silver nanoparticles of different contents (0.1, 0.5 and 1.0 %
w/w) were mixed with undoped titanium dioxide as previously reported in Section 3.10.
Nanocomposites of plasmon metals and@®godoped TiQ (0.5 % Ag) which had he

lowest band gap (Table 5.1 in Chapter 5) were also prepared as previously detailed in Section
3.10. The effect of each nanomaterial on both boosting electron production under visible light
due to localized surfaggdasmon resonance (LSPR) and/or acting as electron reservoirs under
UV light and visible lightwas evaluatedl he photocatalytic activity evaluation experiments

werecarried oufas reported in Section 3.5b as to know thbestmetal compositions for &
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enhancement of the phetatalytic activity of TiQ photocatalyst The model pollutants used
for the photecatalytic activity evaluation were methyl orange and bromocresol purple using
both visible light and UV light of wavelength 254 nm. A solar sirtarlavas used as the

source of lighin experiments that were conducted using visible light.

6.1 Experimental procedures

The preparation ahe following samples were reported in Chapter 3 under the sections given
in brackets;doped TiQ nanoparticles(Section 3.3.2.5) spherical copper nanoparticles
(Section 3.5) silver dendritegSection 3.6) silver nanorods Section 3.7) spherical silver

nanoparticlegSection 3.8andspherical gold nanoparticléSection 3.9)

6.1.2 Preparation of TiO/plasmonmetal composite

The detailed procedure for the preparation of dp{asmon metal composites was reported in
Section 3.10. To gpareTiO,/gold nanoparticle composites containibid wt %, 0.5 wt %
and 1.0 wt %Au, about2 g of TiO, were mixed with 2 mg, 10ng and 20 mg ofold
nanoparticlesrespectively The same procedure was followed prepare TiQAg and

TiO,/Cunanocomposites thatd 0.1 wt %, 0.5 wt % and 1.0 wt % AgCu

6.1.3 Fabrication of TiO,/plasmon metal composite films

A detailed method sl for deposition fothe nanoparticles on quartz as filmvas reported in
Section 3.4 Prior to deposition of théims, the quartz supportsere cleaned thoroughly,
etched and then surface treated with MPTMS as previously discussed in d8&ation 3

of Chapter 3.
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6.1.4 Determination of photedegradation intermediatesof methyl orange

The detailed experimental procedure for the sample preparation and operating conditions of
the LGMS instrument were reported in ChapterS&ction 310.4 and Section 311.11
respectively.During the photadegradation process of methyl orange at 25 °C and pH 7,
aliquots were taken from the reaction vessel after every 20 minutdstaredl using a nylon
syringe filter andthep analgseddy HIS. The.alRubts ware also
analysed by FTIRo establishthe changes in the functional groups. HIdR analysis was

done by mixing a drop of the samplgth KBr followed by pressingnto a pellet which was

then analysed

6.2 Resultsand discussion

6.2.1 HRSEM and HRTEM Analysis

The HRSEM and HRTEM images dfiO, nanoparticles, silver dendrites (AgDR), silver

nanorods (AgNR) and Ti#DAu composite materiare shown in Figure 6.1.

W)

181



}

\ »
Sgrel A « ke Date 8 Sep 2014
- 10000 KX Torw 23547

=

Figure 61: HRTEM imageof (A) silver dendritic nanostructuresBY Ag nanorods,d) TiO,

nanoparticles and ((HRSEMof TAulcomposites.

The prepared silver dendrites (Figure 6.1 A) had trunks that all grew from the center and
spread outwards forming a star or flower like structure. As tlaadhes grew from the
trunks, they overlapped or joined other branches from other trunks forming a relatively dense
network as shown in thelRTEM imagesin Figure 6.1 A. The individual dendrite was
observed to be three dimensional with some branches thatoeenected to one main trunk

in a regular pattern. The angles between the branches and the trunk were not flleeyame
varied approximately between 45 ° and 60 °. A closer look at the structures showed that some
small branches also started to grow @me of the previously formed branches. The

mechanism of growth of these dendrites in this way is not fully understood.

From the HRTEM imaggFigure 6.1 B), it could be observed that the silver nanotioals
were prepared by the reduction method were ambshe same size. Their lengths were
between 51.22 nm and 82.83 nm and their width was approximately 15.86 nm. In TAul

composite, HRSEM confirmed that the spherical plasmon metal nanoparticles were much
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smaller than the Ti®@nanoparticles and were on tkarface of the semiconductor photo

catalyst (Figure 6.1 D).

6.2.2 Optical properties

This sectiompresents the analysis of the selected samples (TAul, TAu2, TAg3, TAg2,
TAg3, AgSNP, AgNR and AgDR) using UVis spectroscopyo establishthe region m
which the samples absorb light. The sample codes and description were presented in Table

3.3 in Chapter 3.

6.2.2.1 U\ Vis spectroscopyanalysis
The UV-Visible absorptiorspectra of colloidal spherical silver nanoparticles (AgSNP), silver

nanorods and Isier dendrites are shown in Figure 6.2
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Figure 62: UV-Vis absorptiorspectra otolloidal AQNR, AgDR and AgSNP
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The spectra of the nanorods showea peaksa sharpone at 407 nm and a broad one
around 690 nndue to transverse oscillation and longial oscillationgespectively This
agrees well with what is detailed in theoretical shgations as reported b9jha et al,
(2013. The spherical silver showedsharp pela centered at 401 nnThe peak of the silver
dendrites was broad andshifted to higher wavelengtfd42 nm) when compared to spherical

silver nanoparticlesThis wasdue to theébigger sizeof the dendritic nanostructures

The UV-Vis absorption spectra of the powdered nanocomposites were obtained as previously
reported in SectioB.12.8 in Chapter 3. The absorption spectra of Ag/fi@hocomposites

in powder form with different contents of Ag are shown in Figure 6.3.
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Figure 63: Absorption spectra of undoped BjAQAgl, TAg2 and TAg3 composites.

184



A slight shift into the visike region was observed for the nanocomposites when compared to
undoped TiQ. There was no significant change in the absorption edge when the silver
content was increased. Th&2/Ag nanocomposite with 1.0 wt % Ag showed an additional

broad peak around 500n.

The UV-Vis spectra of powdered T@old nanocomposites with different contents of gold

nanoparticles are shown in Figure 6.4.
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Figure 64: Absorption spectra afndoped TiQ, TAul, TAu2 and TAuZomposites.

There was lgo slight shift in the aborption of the composites towards the visibégion
when compared to undop@&iO, photocatalyst.Two peaks were observéuthe absorbance
spectra of TiIQZAu composites, one due to gold nanoparticles in the visible region centered at

560 nm and the othelue to TiQ nanoparticles in the UV region. There was no shift in the
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position of the plasmon peak withciease in gold content except an increase in peak
intensity. Undoped Ti® photocatalysthad only one peak in the UV region due to the

excitation ofelectrons from the valence band into the conduction band.

6.2.2.2 Diffuse reflectance spectroscopy
The diffuse reflectance spectra ohdoped TiQ, TAul, TAgNR and TAgl composite

material and their derivatives are shown in Figufe
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Figure 6.5: Diffuse reflectance spectroscopy spectrdi@,/plasmon metahanocomposites

and their derivatives.

There was a slight red shift when the T¥as combined with plasmon metal nanomaterials

to form TAul, TAgNR and TAgl nanocomposites. No shift ie #bsorption edge was
observed when the plasmon metal was changed from Ag to Au. The reason for the observed
results was that, the plasmon metals were not incorporated into the crystal system of the
semiconductor photoatalyst. Significant red shifts weobserved when the impurities were
incorporated in the crystal system of Fi@s can be observed carbon, silver and gold €o

doping in Chapter 5 (Table 5.1).

The derivatives (Figure 6.5) were used to find the absorption edggg,(which were then

used to calculate the band gap using Equation 6.1.
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The calculated band gaps of pure F&dd the composites are shown in Table 6.1.

Table 61: Calculated band gaps of undop&@, and selectedana@omposites.

Photocatalyst Optical absorption edge Calculated band gap
(hm) (eV)
UndopedTiO, 403 3.07
TAgl 404 3.06
TAgNR 405 3.06
TAul 404 3.06

From the calculated band gaps in Tabld, it can be clearlyegn that there was an
insignificantchange in band gap when the 7Tas mixed with metal nanoparticles to form
nanocomposites. This shows that the JIpBotecatalyst show band gap reduction when the

impurities are incorporated its crystal system.

6.3 Photocatalytic activity evaluation

This section presents the evaluation of the pleatalytic activity of undoped TiDphoto
catalyst a series of Tiggold composites and a series of 7i®) composites using methyl
orange as nuel pollutant at 25 °C and pH 7 under UV light. The detailed experimental
procedure was reported in Section 3.The control of the experiments was the photo
degradation of methyl orange using undoped,akbtocatalyst, the variable was the type of

the photocatalyst used and the fixed parameters were the methyl orange volume and

concentration, light intensity, temperature and pH of the methyl orange solution.
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6.3.1 Photoecatalytic activity evaluation of TiO,/spherical metal
nanoparticle composites

Figure 6.6 shows the phottegradation profiles of methyl orange usiggartz supported
undoped TiQ, TAul, TAu2 and TAu3 composite phetatalysts The photedegradation
profiles of methyl orange using TAgl, TAg2, TAg3, TCul, TCu2 and TCu3 composite

photccatlysts were presented in Appendices B.
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Figure 66: Photedegradation curves of methyl orange using AusTé@mpositeon quartz

supportunder UV lightat 25 °C and pH.7

All the compositesunder study in this sectioshowed higher photoatalytic adwity than
undoped TiQ photocatalyst. It is important to note that this improvement in ploatalytic
activity was not due to band gap engineering as there was no significant change in band gap

of the composite materia(3able 6.1) Generally the ompasites hadh rough surfac@-igure

189



C5 Appendix C), which could bieeneficial to photecatalysis as it has been found that rough
surfacedhelp in the lateral scattering of incident light by NRSs increasing the optical path

of the light making it more ety absorbedHe & Que., 2013)

The highest photdegradation of methyl orange after 300 minutes of 91.94 % was achieved
by TiO,/Au composite with a weight percent of 0.5. For both Au and Ag composites, there
was an increase in the phategradation whethe metal loading was increased from 0.1 % to
0.5 % and then it decreased with further increase in metal lodlhegoptimum loading for

both Au and Ag on Ti@to act as electron reservoirs was found to be 0.5 %. The reasons for
the decrease in phet@talytic activity above optimum loading were (i) the decreasthén
average distance between trap siteshghat metal particles attract hoemoing electron

hole recombinatioriCarpet al, 2004), (ii) excessive coverage of the phcatalyst reduce

the amount of light reaching the phatatalyst surface and this reduces the number of photo
generated electrenole pairs, and (iii) reduced electron density due to attraction by several
metal nanoparticles and the resulting complicated field configurdias a negative impact

on charge separation (Pachat., 1993).

There was no significant change in the phcdtalytic activity of TiQ when the copper
loading was increaseffFigure C1, Appendix C)The reason for copper not to effety
significant chage in TiG, photocatalytic activity with increase in loading is not clear
although it is believed that the deposition of plasmon metal nanoparticles ercanCbe
beneficial or detrimental on phetatalytic activity depending on contaminant nature @tu

al., 2003).
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A summary of the methyl orange phategradation resultfor the series of Au, Cu and

Ag/TiO, composite photaatalystaunder UV lightat 25 °C and pH @reshownin Table 6.2

Table 62: Photedegradation resultsf methyl orange using a series/Ad, Cu and Ag/TiQ

composite photeatalystsat 25 °C and pH 7 under UV light

. Photo-degradation after 300 minutes
Noble metal loading (wt %)

TiOzJAu TiOJ/Ag TiOJ/Cu
0.0 57.16 57.16 57.16
0.1 80.98 77.06 85.94
0.5 91.94 88.83 84.69
1.0 90.30 86.12 86.02

From Table 6.2 it can be seen that Au proved to be the most efficient among the three
elements to reduce electrbole recombination as evidenced by the high performance of the
series of composites of Au and Tiphotocatalysts. The reason for this could be that, Au has
the highest work function among the three metals and forms the highest Schottky barrier

resulting in efficient charge separation.

6.32 Effect of using two or three different metals onthe photo-activity of
TiO /plasmon metal composites

Figure 6.7 shows the phaettegradatiormprofiles of methyl orangg100 mL, 10 ppmusing
composites of TiQand at least two plasmon elements under UV light at 25 °C and phe?.
combinations of the plasmon elemenised to prepare the composites were Au/Ag, Ag/Cu,
Au/Cu and Au/Ag/Cu and their codes were TAuAg, TAgCu, TAuCu and TAAC respectively

(Table 3.3 in Chapter 3).
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Figure 67: Photedegradation curves oimethyl orange using undopediO, and

TiOz/plasmon m&al nanocomposes under UV light at 25 °C and pH 7.

When morethan one plasmon metal was used to prepare compagitéise resultingTiO,
photo-catalytic composite materials exhibitddgher photecatalytic activity than undoped
TiO, as shown in Figw 6.7 The highest enhancement in photdalytic activity was
achieved by Ti@with silver and gold nanoparticles (TAuAg), which degraded 94.11 % of
methyl orangesolutionunder UV light irradiation in 300 minutes followed by TiAgCu with
89.39 % TAuUCuy, 86.74 % and lastly TAAC with 73.07 %s shown irFigure 6.7.There are
two possible reasons for the improved phoatalytic activity of the composites under UV
light irradiation when compared to bare }j@i) reduced electrehole recombination and
(i) the creation of the Schottky barriéy.simplified proposednechanism for the activation

of TiO, photocatalystand photedegradation of adsorbed meltloyange is shown in Figure

6.11in the next section.
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When compared to photmtalysts containing theame elements but deposited as films on
top of each othefTable 4.6in Chapter ¥ TAuAg, TAgCu and TAuCwomposites showed
an improvement of 15.92, 15.@®d 2 % respectively whereas TAAGowed a decreasd

13.19 % as shown inable6.3.

Table 63: Percentage degradation results of Ji@asmon metal nanocomposites.

% Enhancement
Composite % Degradation under compared to % Enhancement
photo-catalyst UV light after 5 hours  metal films of relative to bare TiO,

same elements

Undoped TiQ 57.16 - -
TAUAg 94.11 15.92 36.95
TAgCu 89.39 15.03 32.23
TAuCu 86.74 2.00 29.58
TAAC 73.07 -13.19 15.91

The reason for théetter TiQ photocatalytic activity enhancemetty plasmon elements
when use@dscomposites thawhen used aslins deposited layer by layaras the increase in

contact between the plasmon metal nanoparticles with A@oparticles and this improved
the flow of electrons from the Ti@surface to the metal nanoparticlddence charge

separation was moreffective resulting in low electrorhole recombination rateghus

favoring photecatalysis.

6.3.3 Effect of plasmon metal shape on photactivity of TiO , composites

This section gives a comparative study of the phaegradation activities of nanocomposites

of TiO, and silver nanomaterials of different structures whiglie: dendrites, nanorods and
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spherical nanoparticles. The control was undoped ptidtccatalyst,the variable was the
shape of the silver nanomaterials dhd fixed parametsrwerethe amount of TiQused in

making the compositesethyl orange concentration, pH and temperature.

The photedegradation curves of methyl orange under UV light irradiation at 25 °C and pH 7
using TAgDR, TAgNR andTAg2 composite photgatalysts which contain the same

coneents of plasmon nanomaterials are shown in Figure 6.8.
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Figure 68: Photedegradation curves ofiethyl orange usinganocomposites of Tiaand Ag

nanostructuresf different shapeat 25 °C and pH 7.

The TiGJ/Ag composite materials showed higher phcataltic activities than undopetio,
photo-catalyst. The highestiO, photocatalystenhancement was achieved by spiz

silver nanoparticles wher80.98 % of methyl orangevas degradedafter 300 minutes
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followed by silver nanorods with 70.55 % andtlgssilver dendrites with 64.78 %. The
reason for the observecetrd of enhancement was probathlg differences in size and shape

of the silver nanostructures. The smaller the Ag nanostructures the greater the surface area
thatwould be available for coatt with TiG, and this promotes electron transfer resulting in

low electronhole recombination rates. The other reason for the observed trend could be the
differences in the wavelengths at which the Ag nanostructures absorb light. The zero
dimensional sphrecal nanoparticles absorb at lower wavelength when compared to one
dimensional AgNR with maximum absorption at 405 r{figure 6.2) and dendritic
nanostructures with maximuabsorption at 444 nm (Figure §.5ince the experiments were
conducted under UMdht, AQSNP absorbed more light than both AQNR and AgDR resulting

in morelocalized surface plasmon resonanc8®R which aiced photecatalysis.

6.4 Photodegradation under visible light

This section presents an evaluation of the pleatalytic activiy of dTAAC photoecatalyst,
undoped TiQ and TAAC undewisible light at 25 °C and pH 7 using methyl orange (100
mL, 10 ppm) and bromocresol purple (100 mL, 10 ppgample codes and description are

presented in Table 3.3.

Figure 6.9 shows the phoettegadation curves of methyl orange and bromocresol purple

under visible light using dTAAC, Ag/C edoped TiQ (0.5 % Ag), undoped Tigand TAAC

photocatalystsat 25 °C and pH.7
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Figure 69: Photedegradation curves dfleO and bromocresol purple g/C co-doped

TiO, (0.5 % Ag)photccatalystand its composites under visible light at 25 °C and pH 7

Under visible light irradiation, a nanocompositgrepared from the three plasmon metal
nanoparticles(Au, Cu & Ag) and AgC co-doped TiQ (0.5 % Ag) showed66.46 %
degradation of méyl orange after 300 minutes howewshen the Ag/C caloped TiQ (0.5

% AgQ) and the three metal Ti@omposite (TAAC) were used separately they showed 47.61
% and52.11% degradation respectively as showmrfigure 6.9.This shoved that the usef

the three plasmon metal nanopartiq@s, Ag and Cultogether withAg/C codoped TiQ

(0.5 % Ag) photecatalystimproved photocatalytic activity The nanocomposites prepared
from doped TiQ performed better than those prepared fromoped TiQ for the same metal

nanoparticléype andoading.
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When the Ag/C caloped TiQ (0.5 % Ag) photecatalyst was used to degrade bromocresol
purple (BCP) under the same conditio74.45 % degradation was achieved after 300
minutes. This indicatedchat the azo dyes are more difficult to degrade when compared to
other dyes hence the chemical nature of the pollutant plays an important role on the photo

degradation rate.

Figure 6.10 showisome plots of In(gC) against time for both bromocresol purf€0 mL,
10 ppm) and methyl orangd00 mL, 10 ppm). The kinetics wee for photedegradation

experiments done usirdf AAC photcecatalyst under visible light at 2& and pH 7.
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Figure 610: Bromocresol purpland methyl orange kinetics by dTAAC phatatalyst under

visible light at 25 °C and pH.7
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The linear relationships observed indicated first order reaction kinetics of the- photo
degradation of both dyes under study. The rate constant for bromocresol purple was 4.55 x
10° min™ which was almost twie that of methyl orange of 2.45 xd@nin™. The rates
increased with time since tHeangmuirHinshelwoodmodel is surface area dependent as
there will be less organic compound remaining with increased irradiation tifies.
difference in the rate consiis of bromocresol purple and methyl orange was probably due to
the differences in the degradation pathways that they followed. Contaminants that have a lot

of photaedegradation intermediates will prolong the time needed for complete mineralization.

Thereare several reasons that could havktéethe improved photoatalytic activity of the
doped TiQ/metal nanocomposites under visible lighadiation when compared to undoped
TiO, and these include:

0] Reduced electron hole recombination due to the metaparticles.

(i) Creation of inénse electric fieldevhen metal nanopatrticles are irradiated at their
plasmon resonance frequencyriN-adiative transfer of energy from the LSPR of
the metal to the transition dipold the semiconductor occurs resulting met
excitation of electrors in the semiconductorThis extends the phoiwatalytic
activity of wide band gap Ti©semiconductor into the visible region of the solar

radiation

(i)  The heating effect produced at the surface and immediate vicinity of the metal
nanoparticles heats up the environment around the nanopariclgis believed
to increase mass transfer of the molecules and enhancing the rate of reaction

(Zhanget al., 2013).
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(iv)

(v)

Reduced band gap as a result of doping.

The surface roughness helpadhe lateral scattering of incidengtht by
nanoparticles resulting in amcreaseof the optical path of the light making it

more easily absorbdtie & Que., 2013)

All the latter processes could have been occurring simultaneously resulting in higlk phot

degradation rates afiethyl orange usinthe compositephotocatalysts tested in this study.

simplified proposednechanism for the activation @10, photocatalystand degradation of

adsorbed methyrange is shown in Figure 6.1Generation of the geroxide radical could

be on both Ti@surface and metal nanopatrticles thereby giving a high yield éfréﬁ'rt:als,

which degrade the methyl orange.

Visible light H,0

N N\

Metal NP O, O, OoH*

Reduced

bad gap (Reservoir)
through
doping
o= |sl,—O'Na+
0 Adsorbed
Methyl
Orange

(Activation) rH%
Q, OH*

N

_—
Metal NP H CO, + HO

OH

Figure 611: Schematicrepresentation of the proposed activation mechanisms of ByO

metal nanoparticles (MNP) and phategradation of methyl orange under visible light.
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6.5 Determination of methyl orange photo-degradation products

Thechange in concentration showntne ploto-catalytic activity curves in this study and the
disappearance of colguwhich was observed during the phategradatiorprocessdid not

imply that all the organic content was completely mineralised into harmless products. Hence
the study of the photoatalytic degradation pathway of organic compounds and the extent of
the photodegradation process waiecessary so d8 establish thenature of theproducts
formed since in some casdstermediates may be motexic than the targetedtarting
pollutans. In such cases it will be important to mineralize the organm®pletely irto
harmless productdt is important to note that evolution of intermediates proaihg time
required for complete mineralization due to the competition between intermediades
original target pollutant over the phetatalyst surface. The phetiegradation pathway
followed by a pollutant is dependent on the reaction conditions and the structure of pollutant
molecule. Knowing the photdegradation pathway can help in gainerg understanding of

how to improve the efficiency of the phetatalyst.

6.5.1 Mass spectrometry dtermination of photo-degradation pathway

Methyl orange in solution is an aniorcompound Whenit is analyzed in thgositive mode

it is protonated on # SQ" group to make iheutral and then gains another proton to give a
detectable characteristic positive molecular adduct [M * Hje molecular mass calculator

of the instrument was used to determine the m/z of the parent molsbidb wa 306.

The LC-MS elutionspectraobtained for the photdegradation of methyl orange at different

photodegradation times (0, 30, 68Q and 300 rnmutes) are shown in Figure 6.12
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Figure 612: Elution time of methyl orange and phategradation intermediates of me

orange at different photdegradation times.
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All the spectra had a peak at a retention time of 3.64 minutes except the spafcthem
sample at 300 minutes indicating that the compound eluting at this retention time had been
completely degraded. The peaks at retention times of 4.30 and 5.50 minutes in the spectrum
of methyl orange at 0 minutes which had intensities of 8.0%ari® 1.90 x 1B respectively
completely disappeared in the spectra of methyl orange at 30 to 300 minutes. New peaks
appeared at retention times of 6.25 and 8.65 miputeish were prominent in the spectra of
methyl orange after 90 minutes indicating thenfation of new compounds (intermediates).

The reduction in intensity of this peak with time and its complete disappearance after 300
minutes showed that, the newly formed compound was also completely degraded. The major
peak common to all spectra at retentitime of 10.19 minutes reduced in intensity with
increase in photdegradation timdrom 6.0 x 10 at zero minutes to 3.6 x 1@fter 300

minutes.

The MS/MS spectra of the methyl orange at zero minutes and aftem@@es are shown in
Figure 6.B. Thesignal at m/z 306 was due to the positive ion of the parent molecule. The
MS/MS analysis of this ion gave at least ten significant m/z values of 65.04, 81.03, 101.03,
120.08, 121.09, 133.08, 134.08, 185.01 and 291.07. A visualization &fsthiés is show in

Figure 6.4 of the possible intermediates formed based on the bonds that were more
susceptible to breakdown. In this study it was observed that homolytic bond breaking became
competitive irrespective of the absence of stabilization of an odd elethiswas shown in

the formation of the fragment with m/z of 291. The possible intermediates suggested in this
study were not the only ones present in the pleradation solution as some possible
structures could not be deduced from the given m/z valuwetie best of our knowledge, this

was the first LC/MS analysis of phetiegradation products of methyl orange in the positive

mode. Most researchers analysed it in the negative mode as it easily loses the sodium ion in
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solution and beomes negatively clarged. Adifference in the detected intermediates was

observed when run in the positive mode instead of the commonly used negative mode.
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The poposed photalegradation pathway and some of the intermediatesethyl orange

based on the L®/S results obtainedre shown in Figure 6.14.

i
HO—S N CHy
T \ /
o} N N\ Protonated methyl orange
CHj3

H
\

OH
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CH,
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H,N N N
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S-C bond breaking
H,N NH,
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Figure 614: Proposed photdegradation pathway and some of the intermediates of methyl

orange based on the LIS results obtained.

6.5.2FTIR analysis of degradation products

The photedegradatiorof methyl orange was also studiedngsiFTIR whereby the analysis

was done on a 10 ppmethyl orangesolution before degraation and after every hour for
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300 minutesof photodegradation. This analysis\gaan idea on the way the methyl orange
was photedegradedin terms of which bonds were cleavethis wa observedin the
decrease in the intensity of certain characteripgaks of some functional grqas as

illustrated in Figure 6.15
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Figure 615 FTIR spectraof methyl orange at different stages of phdegradation.

The characteristic peaklue to the €H stretching of the methyl groups arowvdvenumber
2978cm* and 289%™ found in the spectrum of thiritial methyt orangewere seen to have
almost disappeared in the spectrum of the phddégradd methyl orange extract after 5
hours. This could be due to the fragmentation and destruction of the rgeibpk from the
methyl orange. Inhe spectra of the extracts, thpeaks at 395 cm™ (C-H stretching of
methyl) 1246 cm* (=C-N stretching) and 1052m* (C-N stretch)significantly decreased

compared to the spectrum of the initial methyl orafidres shovedthat thefunctionalgroups
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thatgave rise to those peaks Haekn degradeth some extent with the major degradation or
cleavage taking place on theNCbonds as evidenced by the major decrease in 4Negp€ak

at 1052cm™*. The peak aB76 cm' (=C-H bending) completely disappeared after photo
degradation implyinghte complete destruction of the groups giving rise to that pHad.
breakdown of the N bondwas faster than that fori© bondsas evidenced by the rate of
decrease of the intensity of the corresponding FTIR péksceit can be concluded that the
degadation of methyl orange occureth an electrophilic attack by the (5Hidicalsleading

to an abstraction of a hydrogen atamdresulting in the cleavage of theNCbond. A similar
mechanism was suggested by Klare andwodkers, (2000 for the degradatio of

alkanolamines.

6.6 FTIR analysis of photo-degradation products of bromocresol purple

The FTIR spectra diromocresol purplat different tines of photedegradation arehown in

Figure 6.5. Generally, major changes in the spectra were observediagtdrours of phote
degradation. There was no significant change of the peak around 2890nbinh was
assigned to @ bond stretching of the methyl groups in the first 3 hours of the photo
degradation process. The significant decrease in tHep€ak itensity was observed after 5
hours. The peak at 1660 €mdue to the C=C aromatic bending increased in intensity after 5
hours of photedegradatiorwasprobably due to the formation of phedegradation products
carrying C=C bonds. The peak at 1325 tndue to the stretching frequency of S=O
completely disappeared in the spectra of the sample taken after five hours. There was a
gradual decrease in the peak intensity of the peak at 1441oeing to the gradual

degradation of the group giving that peak.
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Figure 616. FTIR spectraof bromocresol purple at different stages of pkaegradation.

6.8 Summary

The use of nanocomposites prepared from doped &r@ plasmon metal nanostructures
dramatically improved the photmatalytc removal of methyl orange and bromocresol purple
from water.The study clearly indicated that the combination of (i) the effect of LSPR of
plasmon metal nanostructures, (ii) the reduced elettote recombination bylasmon metal
nanoparticlesand (iii) the narrowed Ti@band gap is a potential way for the enhancement of
photodegradation of organic contaminants in water. Hence the increasing number of
electronhole pairs and the separation of electhmte pairs at the surface of Ti@re the key
factorsto improve the photeatalytic abilities of TiQ. Based on the FTIR and LC/MS facts,

it was possible to draw some conclusions on the bonds that were broken and come up with

some ofthe chemical structures of the possible intermediates and the possilite pho
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degradation pathway of methyl orange. LC/MS proved thabliserved loss of colour with

time does not imply complete mineralisation as peaks were observed in the colourless
sample. It can be concluded that the attack of the electron donor groups nesato
compounds being weakly coloured as the absorptioresponds to the low intensity:

star transition of the azo group.
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ChaptTer

Anti microbi al studi es

This chapter is about the application and determination of the extent to wadietted
plasmon decorated T¥Pphotocatalysts and carbgriAsmon metal codoped TiQ destroy
bacteria in waterThe antimicrobial studies werarried out in water usingscherichia coli
ATCC 3695 as a model microorganisithe study focused on evaluating the effectiveness of
plasmon decoratetiO,, silver/carborco-doped TiQ and gold/carbon edoped TiQ photo

catalystammobilized as films on quartz substrates.

7.0 Introduction

Water treatment does not involve only removal of organic contaminants and heavy metals but
canalso include thalestructionof bactera and other pathogens to make the water safe for
human consumptionThe presenceof pathogens in bbt drinking and wastewater raises
concerns of watebornediseases; hence the Kkilling or removal of pathagenganisms in
water is importantThe currentdisinfectiontechniques include use of chemicals, filtration
and photochemical damage. Chlorinatianich is the most widely usadchniqueprevents
infectious diseasesut it is not effective for the removal of spores, cysts and some viruses
(Zszewsyket al., 2000) The use othemicalsalso leaves undesirable chemical residues and
generates toxic bgroductsthat may pose dealthrisk to humans hence the use of photo
catalysts such as TyOfor disinfection could be desirable. The phetatalysts produce
hydroxyl radicals and other Mty reactive oxygen species thate capable of destroying

microbial pathogens.
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TiO, slurries have beemsed in solar disinfection anshowed effectiveness fdreating
drinking and waste water (Pablesal, 2011;BlancoGalvezet al, 2007) however thause

of slurries creat®problems of separating the phatatalyst hence the use of immobilized
photocatalyst for disinfection is desirable. Most studies concentrated more on application of
immobilized TiGQ photocatalyst for photodegradation of organic contamirta butthe
present section of this study reports on the use of plasmon metal decoratehd i@ped

TiO, photocatalysts immobilized on quartz substrates ithe disinfection of water
contaminated witle. coli ATCC 3@®5 as a model pathogen und®sth ratural sunlighiand

weak UV light The importance of silvercopper and golih medical applications and the
antibacterial activity of Ti@ have motivated combining the phatatalyst with these
plasmon metal napaticles to improve the antibacterial activity of thenomaterialsWith

this kind of photecatalyst, it is possible to simultaneously degrade organic compounds and

kill pathogenic microorganisms.

7.1 Experimental

7.1.2 Preparation of a McFarland turbidity standard

A McFarland 0.5 turbidity standard was prepared by migt@5 mL of a 1 % solution (v/v)
of H,SO, with 0.05 mL of a 1 % solution (w/v) of Bag£(McFarland, 1907).To assure
uniformity of the suspension of latex particléise solutionwas sh&en several timesThis

standard was used to estimate the concentration of bacteria in a liquid suspension

7.1.3 Preparation of Luria broth agar (LBA)

The LBA was preparedsing amethod reported by Gerhardt (1994) and Sambrok & Russell
(2001). Abouts gof sodium chloride, 5 g tryphe powder, 2.5 g yeast extract ahfl g agar

bacteriological were dissolved %00 ml of distilled water. This solution was then autoclaved
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at 120 °C for 20 minutes. The agar was then poured onto disposable petri dishes &eftl w

to cool and solidifyThe plates were then stored in a refrigerator at 4 °C.

7.1.4 Culturing of the bacteria

The E. coli ATCC 3695were streaked rdo freshly prepared nutrient agar using a sterile
inoculating loop and incubated at 37 °C for 23uts to get active growing bacteria colonies.
The cultured bacteria were then inoculated into 10 ml of saline water after the incubation
period and the turbidity was adjusted to get a 0.5 McFarlad standard containing roughly
1.5x1¢ CFU/ml. The standardize solution with the bacteria was then used in all the

antimicrobial studies.

7.1.5Antimicrobial experiments

The experiments were performed under both UV and visible light irradiafithnshaking

Only the doped samples were evaluated under sunligttatian. A series of photoatalytic

TiO, coated quartz substrates were used in the experiments and uncoated quartz substrates
were used as blank reference samples. The coated quartz were placed in petri dishes and then
autoclaved for 15 minutes at 120 B€fore use. About 25 mL of autoclaved water was added

to each petri dish containing the phatatalysts. E. coli ATCC 3695 (0.1 mL) was then

added to each petri dish to contaminate the water with bacteria and stirred for homogeneity.
A shallow reservoirof cool water was used to stabilize the temperature throughout the
experiment. Before exposure light, the petri dishes were covered to prevent contamination

and loss of water due to evaporation. Seven experiments were carried out in duplicate using
the selected photaatalysts, Ag/ETiO, (0.5% Ag), Au/CTiO; (0.5% Au), TiQ/Au (5 nm),

TiO2/Au (10 nm), TiQ/Ag (5nm), TiGQ/Ag (10 nm), TiQ/Cu (5 nm) and TiQCu (10 nm).

After 30 minutes, 60 minusaand 90 minutesa volume of0.1 mL was taken from each pet
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dish and spread on the freshly pnegghnutrient agarThe phates were then incubated at &7 °
for 24 hours and the number of actlzscherichia colcells was determined by colony count.

The schematic of the experimental-aptdone under sunlight ifewn in Figure 7.1.

vA¢
<DCV>Q[>

Petri dish

Photocatalyst ﬁ— Bacterial suspension
coated quartz .

Figure 71: Antimicrobial activity experimental set up under sunlight.

7.2 Results and discussion
This sectionpresents the inactivation results obtained from the evaluati@ cbli ATCC
3695 usingoure TiQ, 0.5 % Au/Cco-doped TiQ, 0.5 % Ag/Cco-doped TiQ, TiO,/Ag (5 nm),

TiO,/Ag (10 nm), TiGQ/Au (5 nm), TiGQ/Au (10 nm), TiQ/Cu (5 nm)andTiO,/Cu (10 nm)
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7.2.1Inactivation of E. coli ATCC 3695 using TiO, deposited on plasmon

metal films

Thesection gives anvaluation of the effect of;

(i)

(ii)

Using differentplasmonmetals (Au, Ag and Cu) on the antibactemaation of
TiO, photocatalystagainste. coliATCC 8739under weak UV light illumination.
Thepositive control was pure Tignegativecortrol was the quartz substrate with
no photecatalysts deposited and the fixed parameter was the #sskaf the

plasmon metal usadgether with TiQ photo-catalyst

Plasmon metaloading on the antibacterial properties of TLi(hotocatalyst
againstE. coli ATCC 8739 The effect of loading of all the three metals (Au, Ag
and Cu) under study was evaluated. Thatrol was the quartz support with no
photo-catalyst, thdixed parameter in each case was the type of the plasmon metal
used and the variable @aneter was the amount of plasmon metal used with TiO

photo-catalyst

The profiles of the inactivation &:. coli ATCC 3695 using Ti@Au (5 nm), TiOx/Au (10 nm),

TiO,/Cu (5 nm),TiO,/Cu (10 nm),TiO,/Ag (5 nm)and TiO,/Ag (10 nm)are shown irFigure

7.2
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Figure 72: Inactivation ofE. coli in water by immobilized photoatalysts.

There wasan insignificantdecrease in the number Bf coli ATCC 3695 colony forming

units (CFU) that was observed after 90 minui@sthe control experimentwhich was found

to be only 30 CFU. This valueasusedto adjust the inactivationf other photecatalysts to
account for the effect of UV light onhll the photoecatalystancluding pure TiQ showed a
decrease in the number of colongits with time under weak UV illumination. Pure BO
photccatalyst showed thkeast andsteady decline in the number Bf coli ATCC 3695
colony forming unitsWhen the TiQ photocatalystwas deposited on plasmanetal films,

the rate odecreas in thenumber ofE. coli ATCC 3695 colony forming unitsicreasedand

a significant inactivation was observed after 60 minutes of exposure. The highest rate of
inactivation of about 9.67 CFU/min between 30 minutes and 60 minutes was observed from

TiO2/Au (10 nm).
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The higher antibacterial properties of the plasmon metal decoratggfio®@ catalysts when
compared to pure TiéDwas due to the increase in the lifetime of charge carriersr The
extended lifetime means that; (i) there are more holes to kill bactéréxt Dxidation by h

from the valence band of TQvas reported bjNadtochenkcet al, 2008, (ii)the generation

of reactive oxygen speciesuch astA, H,O, and HJ which causeseveral oxidative
damags on the microorganisirs promoted. Sunada and cowerg 2003 found out th#te
hydroxyl radicals were the major cause tbe antibacterial effectAlthough all photc
catalystsstopped bacterial growth after 90 minutes, there was a difference in the rate at which

the inactivation occurred.

Increasing théhickness of the gold increased the inactivatiok.ofoli ATCC 3695in water

After 60 minutes of exposure, there was reductioi.ofoli ATCC 3695colonies by 96 %

using TiGQ/Au (10 nm) photecatalyst as opposed to 67.33 % using 40 (5 nm) phote
catalyst for the same period of exposukhenthe thickness of silver was increased from 5

nm to 10 nm, there was a decrease of 10 % after 60 minutes on the inactivafiooobf

ATCC 3695 Copper films followed the same trend as that observed on g bf the same
thickness only in the first 30 minutes of exposure. As the time of exposure was increased to
60 minutes, 82 % inactivation &. coli ATCC 3695was achieved by Ti&Cu (10 nm)
whereas TiQCu (5 nm) inactivated 73.33 % of the bactefiaeseresults show that plasmon
metal film thickness is important in determining the extent to which, ikbtocatalyst

destroydacteria.

The findings of this study skaed that Au, Ag and Cu films enhance antibacterial aation

TiO, on E. coli ATCC 3695 The only difference was the rate at which tecoli ATCC
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3695 was nactivated. The highest raté inactivation was achieved by TiAu (10 nm)

photo-catalyst and the least was Ti®g (10 nm) photecatalyst.

7.2.2 Inactivation of E. coli ATCC 3695 using Ag/C co-doped TiO, and

Au/C co-doped TiO, photo-catalysts under sunlight

This section presents the evaluation of the inactivatioB. afoli ATCC 3695 using doped

TiO, photocatalysts under sunlight. The control was the quartz with no jladédyst but

also exposed to the sun, the fixed parameter was the amount of the plasmon metal dopant in
TiO, photocatalyst and the variable was the type of the plasmon metal used as the dopant.
The profiles of the inactivation &. coliATCC 3695 using Ag/C cdoped 1O, (0.5 % Ag),

Au/C codoped TiQ (0.5 % Au) and undoped Tiphotocatalysts are shown in Figure 7.3

350 - ® Quartz with no photocatalyst
m TiO2 under sunlight
300 - m Ag/C co-doped TiO2/Ag (0.5 %
Au/C co-doped TiO2/Au (0.5 %
250 -
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Figure 73: Inactivation ofE. coli ATCC 3695in water by immobilized photoatalysts.
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There was no inactivatiomndersunlight from the contramplying thatthe inactivationthat

was observed in other experimemtasactually due to the photoatalysts. The inactivation
due to undoped Ti©under weak UV light was 63.33 % and under sunlRf67 %oafter 60
minutes of eposure implying that Ti@is more active under UV than sunlight because of its
wide ban gap. When the doped 7Fighotocatalystsvereused, there was an improvement in
inactivation ofE. coli ATCC 3695 from 26.67 % for undoped i@ 50 % inactivation by
Au/C codoped TiQ (0.5 % Au) and 83.67 % by Ag/C @wbped TiQ (0.5 % Ag) after 60
minutes of exposure to sunlight. The reason for the highest inactivation due to Ag/C co
doped TiQ (0.5 % Ag) is the low band gap of 1.95 eV meaning it was capable oftabgor
visible light to generate™" pairs and reactive oxygen species responsible for inactivating

the growth of bacteria in water.

The images oE. coliATCC 3695 growing on nutrient agpetri dishes after exposure {8,

TiOo/Au (5nm), (B) TiG/Au (10 nm), (C) TiQ/Cu (10 nm), (E) Ti@Cu (5 nm), (F) 0.5 %

Au carbon cedoped TiQ and (G) 0.5 % Ag carbon atoped TiQ are shown in Figure 7.4
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Figure 74: Images of colonies of E. coli ATC 3695treated with (A) TiQ/Au (5nm), (B)
TiO2/Au (10 nm), (C) TiQ/Cu (10 nm), (E) TiIQCu (5 nm), (F) 0.5 % Au carbon -cimped

TiOz and (G) 0.5 % Ag carbon atoped TiQ.

The images agree well with the information that has been provided in thieatiao profiles
discussed earlieAll the images show a decrease in the number of colonies with increase in

time of exposure and no colonies were observed after 90 minutes except for the controls. The
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results showed that the inactivationtef coli ATCC 3695 by TiQ photocatalyst is greatly
improved by plasmon elements when used as dopants or when deposited layer by layer.
These results agmilar to some work that hdseen reported bgtoyanoveet al, 2013 where

they found out that Fdoped TiQ exhibited very high antibacterial action. They achieved
95.7 % removal efficiency in the first 5 minutes and complete killing of bacteria in 10
minutes. They also found out that the doped pleatalyst could kill bacteria both under

UVA and visible light illumiration.

7.3Summary

This study showed that the reduction in band gap of, Tm@king it visible light responsive
improves its antibacterial action agaiistcoli ATCC 3695. The highest antibacterial action
was observed from Ag/@o-doped TiQ (0.5 %) photocatalyst under sunlightWhen
deposited layer by layer, all the plasmon metals (Au, Ag & Cu) were found to enhance the
antibacterial action of Ti@ There was an increase in the antibacterial action of Wi@n

the plamon metal content was increasedir6 nm to 10 nm for Au and Cu but a decrease in
case of Ag. When all the three metals were compared, the highest enhancement of TiO
antibacterial action was achieved by Au for the same metal caridrithe best antibacterial
inactivationunder weak UV fjhtwas achieved by Tigphotocatalyst deposited a0 nmof

gold film.
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Chap er

Conclusions and Recommendat

8.1 Conclusions

Plasmon metal decorated Li@ims and nanocomposites were successfully prepared and
tested for their photoatalytic andantimicrobial activitiesThe deposition of a thin layer of
plasmon metal nanoparticles on top of Tiénhhanced the photmatalytic activity of the
photo-catalyst under both UV and visible light irradiation. Thinner films showed better
enhancement thanitdker films and the highest enhancement was achibyaging a 2 nm

of Ag since Ag was found to favowxygenadsorption promoting formation of superoxide
radicals. All the different elements Au, Ag and Cu proved that they are capable of enhancing
photcactivity by acting aselectronreservoirs. When the order of deposition was changed,
TiO, now being deposited on top of the plasmon metal films, all the Ag films of different
thicknessegmproved the photeatalytic activity of TiQ whereas in case of Au drCu, only

the thinner films improved and the thicker films >10 nm deactivated the Johtdtyst.
These findings suggest that, better phadtalytic enhancement is achieved with optimum
loading of the plasmon elements otherwise they will be detrimentakt photecatalyst.Au

films were found to enhance phedativity better when they were deposited at the bottom of
TiO, than on top as there is no reduction in the amount of light reaching thestiface
when compared with a phetatalyst with Au filmon top. Ag films performed better in
enhancing photactivity when they were deposited on top of Ti@nder visible light
irradiation, the order of enhancement using a 2 nm metal film on W&3 TiGQ/Cu >
TiO2/Au > TiO,JAg which wa opposite under UV dht. These findings point out that the

correct order of deposition shoulie employed for a particular type of light used for
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irradiation so as to achieve the best phatalytic activity enhancement of the Tiphoto

catalyst.

One of the significant fidings of this study was thate use of bimetabr three layers of
different plasman elementseabetter than the use afnonometallic layerin achieving good
photo-catalytic activities The creation of more than one Schottky barriers was effective in
separating the charges thereby reducing electron hole recombination rates as evidenced by the
highest enhancement from 57.16 % for pure,;f®86.26 % by the three layer system. This

also showed that metals combined synergistically are promising in prgduioatecatalysts

with higher photeefficiencies

The presence dfalts and other contaminants other than the tag&itant have been found

to reduce the photdegralaion of the target contaminant due to preferential adsorption of
other contaminantsn suchcasestheplasmon decorated Tphotocatalyss still performed
better than the pure Tineaningthey havepotential application in ankind of environment.
When methyl orange was mixed with bromocresol purple, it was found that bromocresol
pumple was degraded more than methyl orange for the same period of time showing that the
photo-catalysts are selective to the contaminants that they degradeisdépends on the
charges on both the TiGsurface and the organic pollutant. The phattivity of methyl
orange was also found to increase watlilecrease irthe pH of the solution which was
attributed to the positive charge acquired by the phatalyst surface at low pH whichade

it easy for methyl orange adsorption with a negative chargen@risom the ionized

sulphonic groups.
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The photecatalysts tested for durability showed that they are durable and can be used for at
least four times withut appreciable loss of phetmtalytic activities. For instance TiOn a

three layer system (T#DAU/Ag/Cu) showed 95.88 % degradation of bromocresol purple
after five hours and after thieurth application 80.98 % which was still good. Leaching from

this photecatalyst increased with increase in the number of cycles and was minimal for Au
and Cu with vlues of 0.0093 ppm and 0.0460 ppm respectively on the fourth application but
for Ag it was 10.42 ppm. Leaching was also found to depend on the position of the plasmon

element relative to the phetatalyst.

The study also showed that carbon and a plasgteanent (Ag or Au) can b@multaneously
introduced into the crystal system of Bihotocatalyst forming aaonmetaland metal co
doped phat-catalyst. The incorporation of impurities into the crystal structure proved to be a
promising way of enhancinghé photecatalytic activity of the photgatalyst. Doping
increased the surface area of the ploattalyst, promoted anatase to rutile phase
transformation and allowedtilization of visible light due to reduced band gap. No general
trend was observed ohd band gap reduction and plasmon metal contenthieubptimal

loading of Ag and Au for better photatalytic activities waf.5 % and 1.0 % respectively.

The combination of the doped phatatalyst and plasmon metal nanoparticlesfdiom
nanocompositegmproved photo efficiencies dramatically as both the doped phatalyst

and plasmon metal nanopatrticles absdndsible light. Nanocompositggoduced from TiQ

and different structures of plasmon elements such as dendrites and nanowires showed good
photo-efficiencies The results of this study also showed that polydispersity of the

nanoparticles was beneficial for phatatalytic activity enhancement under sunlight since
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wide size and shape distribution have the ability to absorb light in a wide @nge

wavelength.

The selected photcatalysts showed very good antimicrobial actiagainstEscherichia coli

ATCC 3695 in water

8.2 Recommendations

The results from this study provide several perspicacities for future research and these are

discussed ithe following paragraphs.

Further work needs to be done to study the effect of other operational parameters such light
intensity, photecatalyst loading, type of contaminant, temperature and radiation source.
Although there are some works done on theatfiof these operationalaameters, it is
difficult to compare the results due to the differences in the type of piiotocatalyst and

reactor seuip used. To make a general trend on the effects of these parameters, there is need

to do further work usig one type of photgatalyst in the same reactor-sgt

The study showed that the phatatalysts are indiscriminant and can degrade any organic
contaminant but some target pollutants took long to degrade hence thesegthlytsts can

be coupled with @other water treatment technology to give synergistic effects that can
reduce economic cost and the time required to produce clean water. Sincegihlytic
efficiency of the photaatalysts did not decrease significantly with repeated use, further
studes where the photoatalysts are applied in continuous systems need to be done. Pilot

plant investigations on the use of the phcatalyst to produce large volumes of clean water

223



could bedone to assesapplication in the industry since it would give &tit parameters

needed for scalap.

The effect of different supports need to be explored as some supports help improve the photo

degradation of the organic contaminants.

Leaching was found to be a disadvantage on some {ohtdtysts and there is neeaor f
improvement of the adhesion of the photdalyst to minimize loss of the phetatalyst

when used for more than one cycle.

Further studies could be done using water sampled froml gailhated streams that contain
several other contaminants besidss target compound. This would also help understand the
effect of other pollutant®f different natureon the degradation pathway followed by the

target pollutant.

The safety and lonterm effects of nanoparticles that might have leached in water are not
fully understood and their environmental impacts need to be explored. Investigation of the
inactivation of different types of pathogens such as protozoa and viruses also needs to be
done so as to know which pathogens are effectively removed from af@O, photo

catalysts
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APPENDIX A

Effect of other contaminants on methyl orange photalegradation
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Figure A.1: Photedegradation absorption spectra af mixture of methyl orange and
bromocresol purplesing TiQ photocatalyst deposited on trimetallic layer (Au, Cu and Ag)

under UV light at 25 °C and pH 7
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APPENDIX B

Characterization of carbon/plasmon metal cedoped TiO, photo-catalyst.
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Figure B1: Absorbance spectra 81u/C co-doped TiQ photo-catalyst.
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