EVALUATING THE PHOTOCATALYTIC AND
ANTIBACTERIAL ACTIVITY OF COPPER-DOPED
TITANIUM DIOXIDE NANOPARTICLES

by

Naizhen Yu

Submitted in partial fulfillment of the requirements for the
degree of Master of Science

at

Dalhousie University
Halifax, Nova Scotia
December 2022

Dalhousie University is located in Mi’kma’ki, the ancestral
and unceded territory of the Mi’kmaq. We are all treaty
people.

©Copyright by Naizhen Yu, 2022



To my grandparents



TABLE OF CONTENTS

LIST OF TABLES .....cuuoiiintiiinneinsnnsensisssissessssssssssssssssssssssssssssssssssssssssssssssssssssssasssssses vi
LIST OF FIGURES .......ccovinuriinninsnnnensanssesssssassssssssssassssssns vii
ABSTRACT ...cuueiueirriennrecsnesesssncssnssesssesssssssssssssnens X
LIST OF ABBREVIATIONS USED ...cuuciniiveiiensuissensesssncssnssesssnssssssssssssssssessssssasssssses xi
ACKNOWLEDGEMENTS ..uuiiiiiiininseissinsaissanssessnssssssssssssssssssssssssssssssssssssssssssssssssss xiv
CHAPTER 1. Introduction .........ccccceeervueeernneene 1
1.1.Wastewater Treatment...........coouiiiiiriiiiieieeeereeeeee et 1
1.2. Advanced Oxidation Processes (AOPS)......ccccveeiiieeiiieeieeceeeeee e 2
1.3. Solar-driven PhotocatalySis .........ccoccueeriieriiiiienieeieee e 3
1.4. Titanium Di10X1ide (T1O2) ....eeeiiiiiiieeiie ettt e e 5
1.5. Methods for Enhancing the Photocatalytic Activity of TiO2 ........cccecveevieriienennne 10
1.5.1. Metal MOAIfiCALION. ...............cccccuieeciiieeiieee e 11
1.5.2. Non-metal MOdification...................ccccooioviiiiiiiiiiiiiieie e, 16
1.6. Photocatalytic Mechanism of TiO2 ........cooeeiiiiiiiiiiiiiiiiceeeeeeeee 22
1.6.1. Light ABSOTDIION ...t e 23
1.6.2. Electron-hole Pairs Generation, Recombination, and Separation................. 24
1.6.3. The Initiation of Oxidative and Reductive Pathway ..............c..ccccccccovencennn. 26
L7, IMLOTIVATION ...ttt et ettt et e bt e et e bt e s e e beeeaee 26
CHAPTER 2. Theory and Details of Characterization Techniques 28
2.1. Powder X-ray Diffraction ...........ccceevuieviieriieniienie ettt e 28
2.2, E1ECtION IMICTOSCOPY ..vvvieeurrieeiieesiieesireeesseeesseeesseeessseeassseesssseeensseesssseessssesssseeenns 32
2.2.1. Scanning Electron MicroScopy (SEM)...........cccoovoiemiiieiciieniieeeie e, 33
2.2.2. Transmission Electron Microscopy (TEM) ..............ccocooevieviiievciieiiieieineenn, 36
2.3. X-ray Photoelectron Spectroscopy (XPS) ...ccvevieeriiiriieiieiiecieecee et 38
2.4. Ultraviolet-visible (UV-ViS) SPeCtrOSCOPY......eeruerrrierireiiieniieeieeniieeieesieeseeesiee e 41
2.4.1. Diffuse Reflectance SpectroSCODY .............ccoecueeceeneeeieaiieeieeeieeeieeeee e 43
2.4.2. MiIcroplate ReAAer ................cccueeeueieciiieciiieeciieeeee e 45
CHAPTER 3. Synthesis of Copper Doped White and Black Titanium Dioxide
INANOPATTICIES cocceueeeriiriinrriciisnriccssssnnecssssssiesssssssassssssssssssssssssssssssssssssssssssssssssssssssssssssssnsas 47
T B 13 (0T L1 Lo 10 ) DRSPS 47
3.1.1. Solvothermal Method..................cccooeeuieiiiieiiieeeie et 47
3.1.2. NABH 1 TrEAIMENL ..ot aaae e 49

il



3.2. Experimental MethOds ..........ccveiiieiiiiiiiiiieciieie et 51

3200 MALEFIQLS ...ttt 51
3.2.2. Synthesis of Cu-doped White TiO:z...........cccceviioiiiieniiiiieiieeeee e 52
3.2.3. Synthesis of Cu-doped Black TiO: ............ccccoooiiiiiiiiiiiiiiiieieeeee 53
3.2.4. Materials CRArACIEFIZALION. ................c..cceeieeeiieeiieeieeie et 54
3.3. Results and DISCUSSION ......ceccviieeiiiieeiiieeiieeeieeeeieeeeieeesaeeeseveeeseaeeeeaeessaeesssaeeenns 54
3.4, CONCIUSION ..euiiiieiiieiieteee ettt st sb et st b et et esbeeneeseee e 72
CHAPTER 4. Photocatalytic Activity of Copper-doped Titanium Dioxide and
Dye Degradation Mechanism..........ceeveeesueecnennne 75
4.1, INEOAUCHION ...ttt ettt et sb et et sbeesbeenee 75
4.1.1. Rhodamine B (RAB) .........cccccoviiiiiieiiie e 75
4.1.2. The Photocatalytic Mechanism for Dye Degradation .....................c...c........ 76
4.2. Experimental MethOdS ..........cccviiiiiiiiiiicie et 80
G 2.1 MALETIALS ...ttt 80
4..2.2. Material SYNINESIS. .........cccuveeiiieeiiieeiie ettt 80
4. 2.3. Materials Characterization....................ccoueeecueeeeiueeeeiieeeiieeesiieeeeieeeeeeeeeeeeens 80
4.2.4. Experimental MethOd...................ccc.cccoueiiiuiieniiieciie e 80
4.3. Result and DISCUSSION .....c..eouiiriiiriiiiirieeieeiterieete ettt 84
4.3.1. The Photocatalytic Performance of Various TiO> NPs for Dye
DEGFAAALION. ...t e 84
4.3.2 Photocatalytic Mechanism of Dye Degradation.....................cccccccuevevueeennnan. 91
4.4, CONCIUSIONS ...ttt ettt sttt ettt st saeesbe e 96
CHAPTER 5. Antibacterial Properties of Copper-doped Titanium Dioxide
LOF: 1 £:1 ) 2 £ 97
5.1 INrOAUCLION ...ttt sttt et 97
5.1.1. Factors Modify in Antibacterial EffiCiency..........cccccccovevcveevieeiiiieiiieeeiinann, 97
5.2. Experimental MethOds .........cccoeviiiiiiiieiiieieeicee ettt 101
5. 2.1 Material SYNIRESTS. .........cccueeeiieeiiieeeiie ettt 101
5.2.2. Photocatalytic Antibacterial EXperiment.................ccccccceuvvevcieevieneaaenennnn. 102
5.2.3. The Effect of Cu Species on Photocatalytic Antibacterial Performance...... 104
5.2.4. Detection of Cu ions Leaching in the Aquatic Condition by Colorimetric
ASSQY oot e et e e et e e e e e e e e ntaaeeeann 104
5.2.5. The Antibacterial Effects of Cu Species in Matrix and Surface of TiO: ....... 105
5.2.6. Materials CRaracterization................ccc.cccueeecueeescueeenieeenieeeiieesiieesiseesneens 105
5.3. Result and DISCUSSION .......ccuiruieriiiiiniieieiieetete ettt ettt 105
5.4, CONCIUSION ..ttt ettt ettt ettt s bt sb e et esbeeeabe e b e eaee 114
CHAPTER 6. Conclusions and Future Work 115
6.1, CONCIUSIONS ...ttt ettt ettt et e et e st e e bt e sabeebeesaeeens 115
6.2. FULUIE WOTK ..ottt 117



6.2.1. Further Understanding of the Mechanism of Photocatalytic and

ANLIDACLETIAL ACHIVILY ...t 117
6.2.2. Enhancement of Photocatalytic Antibacterial Activity ...............cccccceevuvenni... 118
REFERENCES........ccovininininnninsnnsensanssesssnssassessassanans 119
N i i DI\ D ) N 145




LIST OF TABLES

Table 1.1. Structural information of TiO3 crystalline polymorphs..........c.ccccvevevienieniennen. 6
Table 2.1. The characteristic wavelength of common X-ray targets in nm...................... 29
Table 4.1. Amounts of different scavengers added to the photocatalysis reactions to

trap SPECITIC ROS. ..ot et e e e et e e e saeeeeaeeenaeeennaees 83

vi



LIST OF FIGURES

Figure 1.1. The schematic diagram of advanced oxidation processes (AOPs). ................. 2
Figure 1.2. The schematic diagram of semiconductor band structure. ...........c.cccccveeeuneennne 4
Figure 1.3. Crystal structures of three TiO2 phases: rutile, anatase, and brookite ............ 5
Figure 1.4. The energy band structure of rutile and anatase TiOz.........cceecveeeeveeecieeennenn. 7

Figure 1.5. Equilibrium shape using Wulff construction for macroscopic crystals of
rutile and anatase TIO2.......coiiviiiiiiiiiiii s 8

Figure 1.6. Schematic of recombination processes of photogenerated electrons and

holes within indirect gap anatase and direct gap rutile...........ccoeeevevieveiieenieeneieeeieeee, 10
Figure 1.7. Schematic diagram comparing the band gap structure of undoped and

MEtal dOPEA T1O2. c.eeiiiiiiieeeeeeee ettt e et e e e e eane e snaeeenneees 11
Figure 1.8. Schematic of a Schottky barrier between TiO2 and the metal ....................... 12
Figure 1.9. Schematic diagram of the band gap structure of non-metal doped TiO2

and an example of hydrogen (H)-doped TiOn.......ccocuieiiiiiiiiiiiiiiiieeieeeeee e 17
Figure 1.10. Schematic illustration of the structure of bTiOz2 in the form of a disorder-

engineered nanocrystal with H dopant incorporation .............cceceveeverienenneneenceneennenn 19
Figure 1.11. Proposed model for the Oz and H20 adsorption on bTiOx ........cccceeeeeenneen. 21
Figure 1.12. Main steps in the mechanism of TiO2 photocatalysis.........cccceeervverieneennnene 23
Figure 2.1. Schematic diagram of powder X-ray diffraction............ccccevveeiiiniiinnnnen. 28
Figure 2.2. The electronic transitions in Cu atoms to generate Kq and Kp X-rays .......... 30
Figure 2.3. Schematic diagram representing Bragg’s law.........ccccvvvviievniiiiniieeciieeeen. 31
Figure 2.4. Schematic of SEM and TEM instrumental SEtup .........ccccceceeveeveriveneeneennns 33
Figure 2.5. The main components of an SEM MiCTOSCOPE .......cceerverrieeriueeniienieeiienieans 34
Figure 2.6. The absorbed depth of electrons in the sample..........ccccooeviiniininiinnnnnnn. 35
Figure 2.7. The main components on @ TEM miCroSCOpe ..........cceevueeveerieenienieaneennenns 37
Figure 2.8. The schematic diagram of a XPS instrument ..........ccocevevvieneenenieneenennne 39
Figure 2.9. An example of the ejection process to generate a photoelectron................... 40
Figure 2.10. The main components of UV-Vis SPECtrometer ..........cccceeveeveeruerveneeneennns 42

Figure 2.11. The schematic diagram of reflected light and diffused reflected light. ....... 43

Figure 2.12. the schematic diagram of diffusion reflectance spectrometer ..................... 44
Figure 2.13. The schematic diagram of the microplate reader in absorbance mode........ 46
Figure 3.1. Tube furnace set up for NaBH4 reduction reactions. ..........ccccevevverveneennnene 53

Figure 3.2. the process of NaBH4 reduction to produce bTiCuxO2NPs.........cccccceveeneen. 54

vii



Figure 3.3. Powder XRD patterns of undoped wTiO2 and wTiCuxO2 catalysts before

ANNEAIINEZ. ...eeiiiiieeiie ettt e et e e e e e e te e e s teeesaaeeesseeessseeessseeesssaeesseeensseesnsseeensneenns 55
Figure 3.4. Powder XRD patterns of undoped wTiO2 and wTiCuxOz2 catalysts after
ANNEAIINEZ. ...eiiiiiieciie e ee et e et e et e e et e e s teeesteeesbaeesssaeessseeessseeessseeesseeessseesnsseeensneanns 56
Figure 3.5. Powder XRD patterns of undoped bTiO2 and bTiCuxOx2 catalysts after
NaABH4 treatment. ..c...eeiiuiiiiiiiiiiee ettt ettt 57
Figure 3.6. SEM images of undoped TiO2 and TiCuxO2 samples. .........ccoceeververveneennnene 58
Figure 3.7. The TEM images and particle size distribution of undoped wTiO2 and
WTICUKO2 INPS ...ttt ettt ettt st sbe e b enee s 60
Figure 3.8. The TEM images and particle size distribution of undoped bTiO2 and
DTICUXO2 INPS ...ttt sttt et b e et saee b enee s 61
Figure 3.9. High-angle annular dark-field (HAADF) images and elemental maps of
100 and 10,000 ppm wTiCuxO2 and bTiCuxO2 NPs samples..........ccccevveevernenieneeniennene 63
Figure 3.10. High resolution XPS spectra of Ti 2p region for TiO2 samples................... 65
Figure 3.11. High resolution XPS spectra of Cu 2p region for TiO2 samples ................. 67
Figure 3.12. Absorbance spectra of wTiO2 samples .........ccoeeveeiieiiiiiiiniiiiiiceeeeee 68
Figure 3.13. Absorbance spectra of bTiO2 samples ..........ccoevvieiiiriiiinieiiiieieeieeee s 69
Figure 3.14. Tauc plots of undoped and Cu-doped TiO2 samples.........cccccvveveveercureennnenn. 71
Figure 3.15. High-angle annular dark-field (HAADF) images of 10,000 ppm
WTiCuxO2 and BTICUxO2 NPS ..covviiiiiieiiee e 73
Figure 3.16. Schematic representation of structural transformation occurring in
TiCuxO2 catalysts during the Synthesis ProCESS ........cccueeeruveeriiieeriiieeriieerree e e e eieee e 74
Figure 4.1. Dye photosensitization (electron-transfer) process ..........ccoceeveevervverveniennens 77
Figure 4.2. (A) photocatalytic degradation reactions of dyes and (B) its mimetic
AEradation TALE........eeiuieiieeie ettt ettt ettt et e ettt esabeesbee et e e neesnteeneeenne 79
Figure 4.3. Schematic representation of the experimental setup for photocatalytic
degradation experiments using TiCuxO2 NPS ........coceeviriiniiiiniiicieceeeeeeeeee e 82
Figure 4.4. Photocatalytic degradation performance of undoped wTiO:2 and
WTICUKO2 NPS .ttt ettt st a e 85
Figure 4.5. Photocatalytic degradation performance of undoped bTiO2 and bTiCuxO2
N PS ettt b et h et et h ettt s bt bt et she et et 87
Figure 4.6. The photodegradation kinetics of Cu-doped white and black TiO2 NPs....... 88
Figure 4.7. Recyclability of the 100 ppm bTiCuxOz2 catalyst for degradation of RhB
QY ettt ettt et e ettt e ettt e e bt e e e tae e e taeeanbeeeanbeeeantaeetbeeenaeeenreeenaeenns 89

Figure 4.8. TEM images of 100 ppm bTiCuxO: catalyst before and after the recycling
(o4 0151 81110 <) 1 SRRSO 89

Figure 4.9. The powder XRD patterns of initial and reused 100 ppm bTiCuxO2
catalyst90

viii



Figure 4.10 Degradation of RhB dye with 100 ppm bTiCuxOz2 catalyst and RhB dye

in the presence of sunlight irradiation............cc.eeeciiieeiiieiiie e 91
Figure 4.11. The photocatalytic activity of 100 ppm wTiCuxO: catalysts in the
presence of methanol, AO, BQ, NaN3, and KBrOs..........cccvvveeiiiiicciiiiciieeee e 92
Figure 4.12. The schematic representation of photocatalytic mechanism of RhB dye
4 [T o4 ¢ e 18 (o) 4 RSSO 93
Figure 4.13. The photocatalytic activity of 100 ppm bTiCuxO2 catalysts in the
presence of methanol, AO, BQ, NaN3, and KBrOs..........ccovvveeiiiieccieeeiieeee e 95
Figure 5.1. Cell membrane structural composition and proposed mechanism in the
SramM-NEZATIVE DACLEIIA. .....uveeisiiiieiiiieecieeeieeeetteeeiteeeiee e et eeesaeeesaseeesaseeessseeesseesnsseesnsneanns 99
Figure 5.2. The schematic diagram of the photocatalytic antibacterial experimental
Y1 AR TSP PSR 102
Figure 5.3. Antibacterial performance of Cu-doped white and black TiOz catalysts in
the dark with varying Cu doping CONCENtration...........ccueeeveeerveeerveeeiieeeneeeseeeesveee e 106
Figure 5.4. Antibacterial performance of undoped wTiO2 and wTiCuxO2 catalysts
under illumination with varying Cu doping concentration............ccceeeevveerveeerveesneeennne 107
Figure 5.5. Antibacterial performance of bTiOz catalysts under illumination with
varying Cu doping CONCENIIAtION .........ccueeerreeerieeerieeerreeeieeeeteeesaeeessseeensreesnsseesseeesnnns 108
Figure 5.6. The antibacterial performance of 10,000 ppm wTiCuxO2 NPs in the
presence and absence Of EDTA ......c.coooiiiiiii i e 109
Figure 5.7. The antibacterial performance in the presence of supernatant of 10,000
ppm wTiCuxO2 NPs, pure CuClz solution, and 10,000 ppm wTiCuxO2 NPs .................. 111
Figure 5.8. The antibacterial effect of 10,000 ppm wTiCuxO2 NPs before and after
HCTr@atMENL .......eeeieiiiie ettt et st 112

Figure 5.9. The possible mechanism of photocatalytic antibacterial activity with
WTICUKO2 NPS .ottt saesbe e 114

ix



ABSTRACT

Organic pollutants and pathogenic microbes exist in water systems causing
many communities, especially in developing countries, to have a high risk of infection
with water-borne diseases. Developing a simple, cost-effective, and efficient sunlight-
driven water treatment technology is crucial for people to access clean and safe water.
The most widely studied photoactive and antibacterial material is titanium dioxide (TiO2)
nanoparticles (NPs). TiO2 NPs can produce highly reactive free radicals to oxidize
organic pollutants and deactivate biological pollutants. However, pristine TiO2 NPs have
a large band gap and only harvest solar radiation in the UV region. This thesis focuses
on developing copper-doped titanium dioxide (TiCuxOz) catalysts and exploring its

photocatalytic activity in the visible-light region.

The first project focuses on synthesizing Cu-doped white TiO2 (WTiCuxO2)
NPs using the solvothermal approach. The second project is a comprehensive study on
Cu-doped black TiO2 (bTiCuxO2) NPs. The photocatalytic performance of the resulting
TiCuxO2 catalysts (white and black particles) were evaluated using degradation of
Rhodamine B (RhB) dye and disinfection of Escherichia coli (E. coli) under visible light
irradiation. We show that introducing a Cu dopant and surface defects on the catalysts
enhances its photodegradation ability. The mechanism of increased photocatalytic
activity for TiCuxO: is hypothesized to be due to band gap narrowing and accelerated
charge separation. For disinfection ability, the activity might be related to the free Cu
ions increasing the radical species under irradiation. In the project, I have developed two
efficient photocatalysts for water treatment; the mechanistic studies of the nano-catalysts
increase our understanding of the heterogeneous catalysts for photo-degradation of
industrial dyes and inactivation of waterborne microbes, which are useful for

engineering more efficient and sustainable water treatment devices.
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CHAPTER 1. Introduction

1.1. Wastewater Treatment

Water resources have been contaminated because of industrialization and
urbanization, and as a result wastewater management and environmental contamination
have become one of the major challenges globally.!* Organic, inorganic, and pathogenic
microbe pollutants enter the aqueous system via multiple routes, including household
sewage discharge, industrial waste disposal, reclaimed wastewater irrigation, and leaky
sewer pipes etc.>* If contaminants are not properly treated, such as improper disposal or
direct discharge into the water, there would be an increased risk to public health. In 2020,
almost 30 % of the people in the world cannot access a safe drinking water source, and 6%
of deaths in low-income countries are the result of unsafe water sources.>® The current
techniques for water treatment involve chemical precipitation,” coagulation and
flocculation,’ filtration,” adsorption,® ion exchange,’ etc.; however, these treatments
produce sludge.'” Due to economic, environmental and regulatory factors, sludge disposal
is a huge challenge to the wastewater treatment plants.!! Pollutants such as pesticides, dyes,
aromatic compounds, and pathogenic microorganisms in a sludge cannot be removed
efficiently and need costly and advanced treatment.!®!%!3 Further, the maintenance costs
of such treatment facilities and the amount of energy consumed for secondary treatment
are high. Developing a simple, cost-effective, green, and efficient water treatment

technology would be a significant step in resolving this serious problem.



1.2. Advanced Oxidation Processes

Advanced oxidation processes (AOPs) are potential pathways for decomposing
organic pollutants and disinfecting pathogenic microbes. AOPs depend on the production
of highly reactive oxygen species (ROS) to oxidize and decompose pollutant molecules.
The oxidation produces non-toxic by-products such as carbon dioxide (COz2), water (H20)
or specific inorganic compounds, i.e., salts, they undergo mineralization.'*!*!> The AOPs
are presented in Figure 1.1. During this process, hydroxyl radicals (*OH) are formed
which have a high oxidation potential (2.80 eV) and can attack and decompose a broad

class on pollutant molecules.'®

Organic AQPs CO,+H,0+
Pollutants : LIE et Inorganic

Molecules

Figure 1.1. The schematic diagram of AOPs.

Traditionally, the formation of *OH are based on ozone (O3) or hydrogen
peroxide (H202) reactions.!'® After absorbing high energy photon (< 254 nm), O3 can
decompose to form molecular O2 and atomic oxygen O (1D) (Eq. 1.1).!7 The *OH are
formed by O (1D) reacting with water (Eq. 1.2).!® Since the process requires consuming
high energy photons to split O3, it limits its utility due to cost and safety issues associated
with the UV sources in this energy range.!” H>Oz can also undergo photolysis to yield
*OH; the quantum yield of the formed radicals is very high.!® A maximum of two *OH

form from one H202 molecule, as shown in Eq. 1.3.!° However, high concentrations of



H>0:> drives the reaction to the left thus consuming *OH.' Adjusting the concentration
of H20: to maintain a chemical reaction equilibrium is an outstanding challenge.”® In
addition, the raw reaction materials in both methods cannot be recycled, which will

increase the cost of production and operation.'”

O3 based AOPs reactions:
O3+ hv— 02+ 0O (1D) Eq. 1.1
O (1D) + H20 — 2 «OH Eq. 1.2
H202 based AOPs reactions:
H202 + hv — 2 «OH Eq. 1.3

1.3. Solar-driven Photocatalysis

Solar power as clean energy is a potentially sustainable alternative to fossil fuels.
The total potential energy production of solar irradiation is approximately 3,850,000

exajoules (EJ) per year,?>%

almost twice as much as the energy produced from all the non-
renewable resources on the earth.?! The use of solar energy to generate highly active and
renewable free radicals through AOPs is an attractive solution for water treatment proces.??
The viability of this solution depends on many factors including the development of
photocatalytic semiconductors that can harvest a broad light spectrum and generate large
number of carriers to increase the free radical formation via and accelerate the

photochemical reaction.?* %



The photocatalytic semiconductor has an energy band gap (E) that is the
difference between the conduction band (CB) and valence band (VB).2® As shown in
Figure 1.2, the VB is filled with electrons.?® The CB contains unoccupied electron states.?’
When a semiconductor absorbs a photon with energy larger than the band gap, the
electrons in VB can be excited into the CB.?” Simultaneously, a hole forms in the electron’s
place; creating an electron-hole pair.?” These electron-hole pairs (i.e., charge carriers) can
be transferred to adsorbed species on the semiconductor surface to participate in a series
of chemical reactions, resulting in the decomposition of organic pollutants and inactivation

28

of pathogenic bacteria.”® However, if the electrons and holes are not used for

photochemical reactions fast enough, they can recombine and release the absorbed energy

as heat.”’

Conduction

Band Empty Band

Band Gap (E,)

Fermi Level

Filled Band

Figure 1.2. The schematic diagram of semiconductor band structure.

The band structure of the semiconductor determines the energy of the photons

absorbed, electron-hole fate (separation, recombination, migration), and redox
4



capacities.?® Thus, there are many avenues to design and modify the photocatalytic ability

of semiconductors and are based on band gap engineering techniques.?’

1.4. Titanium Dioxide

TiO2 is the most common heterogeneous semiconductor applied for water
treatment because of its chemical stability, nontoxicity, and high reactivity. Fujishima and
Honda first reported the use of TiO2 photocatalyst in 1972.% Initially, TiO2 electrodes were
used in solar energy driven water splitting to produce hydrogen gas (H2).** In 1977, Frank
and Bard found that TiO2 can completely remove toxic species (cyanide) in oxygen
saturated solution under ultraviolet (UV) illumination.’! This is the earliest experiment in

which TiO2 had a photocatalytic capacity to treat toxic chemicals in water.

Rutile Anatase Brookite
Figure 1.3. Crystal structures of three TiO2 phases: rutile, anatase, and brookite.*?

1.4.1. Polymorphs of TiO2

TiOz has three crystalline polymorphs: anatase, rutile, and brookite, as shown in
Figure 1.3.%° Rutile and anatase are both tetragonal structures, containing six atoms in the

unit cell.* Each titanium (Ti) atom is surrounded by six oxygen atoms, and each oxygen
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(O) atom is surrounded by three Ti atoms to form a trigonal planar geometry.>* Compared
to the rutile phase, the anatase crystal is more distorted; both O-Ti-O bond angles in anatase
deviate from 90 degrees.** The structure of the anatase phase is more unstable than the

1.%° The third crystalline polymorph is the brookite phase, composed

rutile phase in genera
of disordered octahedra. Six Ti-O bond angles and twelve O-Ti-O bond lengths are all
different.*® The different distortions of lattice structure determine the characteristics Ti-O
bonds, which play an important role in the structure and electronic properties of TiOx.

Detailed information about the crystalline phases of TiO2 discussed in this section are

shown in Table 1.1.

Table 1.1. Structural information of TiO; crystalline polymorphs.’

Property Rutile Anatase Brookite
Density (g/cm3) 4.13 3.79 3.99
a=9.184
. a=4.5936 a=3.784
Lattice Constant (A) b=5.447
c=2.9587 c=9.515
c=5.154
Space Group P42/mnm 141/amd pbca
Dielectric Constant 114 31 14-110
Atoms Per Unit Cell 2 4 8
1.949(4) 1.937(4)
Ti-O Bond Length (A) 1.87~2.04
1.980(2) 1.965(2)
81.2° 77.7°
O-Ti-O Bond Angle 77.7° ~ 105°
90.0° 92.6°
Bravais Lattice Tetragonal Tetragonal Orthorhombic




Brookite TiO2 has a complex synthesis procedure compared to anatase and rutile
and is the least studied in heterogeneous photocatalysis.*® Currently, anatase TiOz is the
most widely used for photocatalytic applications.>**. Copious studies show that anatase
TiO2 has much higher photocatalytic activity than rutile,*'~*® but the detailed mechanism
and factors leading to the photocatalytic activity difference are still under debate.*” Some

possible explanations are summarized follows:

First, the band structure impacts the adsorption of surrounding molecules onto
the anatase phase. Rutile has a broader sunlight absorbance because its band gap (3.02 eV)
is smaller than that of anatase (3.20 eV). However, the large band gap places to the CB of
anatase TiO2 (-0.2 eV) is more negative than rutile (-0.02 eV), which raises the reducing
ability of electrons and accelerates electron transfer from TiO2 to adsorbed molecule, as

shown in Figure 1.4 3434

I 3
TiO, TiO,
-l — Anatase Rutile
-0.20 eV -0.02 eV
0 — Ey0,/0,7)=-0.33 Vvs. NHE
=
= "
. 3.20 eV 3.02 eV
2 42 —
= Oxidation of Organics . .
EW(OH/H,0)=+2.8 V vs. NHE
+3 ——
3.00 eV
+4 —

Figure 1.4. The energy band structure of rutile and anatase TiOQ23%!



Second, the surface structures contribute to varying photocatalytic activity. The
photocatalytic reactions mainly occur on the (101), (001), and, to a lesser extent, (100)
crystal facets.*® The Wulff shapes for anatase and rutile TiOz are shown in Figure 1.5.
Anatase TiO: consists of a truncated tetragonal bipyramid exposing majority (101) and
minority (001) facets where photocatalytic reactions occur.*® The sharp crystals of anatase
are dominated by (101) facets that constitute more than 94 % of the exposed surface,>
with higher surface energy causing higher reactivity.>® In addition, some literature reports
that (101) facets can strongly adsorb small molecules such as water, oxygen etc.* However,

most exposed facets of rutile are (110), with lower surface energy and reactivity.*®

o0 (001)
<
011)
(101)
—
(o) g (110)
/
Rutile Anatase

Figure 1.5. Equilibrium shape using Wulff construction for macroscopic crystals of rutile
and anatase TiO2. Adapted from Reference 54, Copyright Elsevier, 2003.

Third, the lifetime and diffusion length of electron-hole in anatase TiO: is
impacted by its indirect band gap.*®*” During charge carrier recombination, the excited
electrons will release their extra energy as photons with a frequency corresponding to the

band gap when they return from the CB to the VB. The band gap energy is represented by
8



Planck’s equation (Eq. 1.4).°° The excited electrons must follow the transition selection

rule of momentum conservation (Eq. 1.5).°

Planck’s equation:
hv =Eg Eq. 1.4

where Eg represents the photon energy, 4 is the Plank’s constant, and v is the frequency of

the photon.

The transition selection rule for momentum conservation:

hike(cB) — hiike(vB) = f1gphonon Eq. 1.5

where 71 is the reduced Planck’s constant, kecs) and ke(ve) are the electron wave vectors

at the CBminmum and VBmaximum, respectively, g is the wave vector of the assisted phonon.>

As shown in Figure 1.6, rutile TiOz2 is a direct band gap semiconductor, whereas
anatase is an indirect band gap semiconductor.’® For rutile TiO2, ke(cB)= ke(vB), Which gives
a vertical transition, and an electron only emits a photon following the recombination of

the photogenerated charge carriers.’®>’ But, for anatase TiOz, ke(cB) # ke(vB)» With a non-

vertical transition to the CB minimum that is shifted in the £-dimension representing that
a vibration of the solid lattice (phonon) is coupled to electronic movement.’” Therefore,
the excited electrons cannot recombine directly with holes, resulting in an electron-hole

pair lifetime increase in anatase relative to rutile,’® enhancing photocatalytic activity.*
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Figure 1.6. Schematic of recombination processes of photogenerated electrons and holes
within indirect gap anatase and direct gap rutile TiO2.%

The photocatalytic efficiency, {, is an indicator to evaluate the photocatalytic
ability.”® Although anatase TiO2 has a higher photocatalytic efficiency than rutile, its (-
values is still low ({-values <10%).® Limited solar energy harvesting and the low
concentration of electron-hole pairs participating in photoredox reactions reduce the
production of free radicals and restrict its applicability in water treatment. To address these
issues, many efforts have been devoted to developing visible light active TiO2-based
photocatalysts with high electron-hole separation efficiency, mainly focusing on metal and

non-metal doping.5%62

1.5. Methods for Enhancing the Photocatalytic Activity of TiO:

Although anatase TiO:2 is more photocatalytically efficient than rutile, its wide
band gap restricts anatase TiO:z ability to harvest large portions of sunlight. Another

limitation is rapid recombination of photogenerated carriers on its surface.% Currently,
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metal and non-metal doping are popularly used for accelerating photocatalytic reactions.

Doping narrows the band gap and broadens the absorbed range of wavelengths.®

1.5.1. Metal Modification

Metal doping is the process by which atoms in the lattice are substituted by other
metals such as copper (Cu), iron (Fe), gold (Au), silver (Ag), and platinum (Pt), creating
a new energy level below the conduction band,**%” as shown in Figure 1.7. Defect state
appears in the band gap of the TiO2 due to doping metal or vacancies.®’ Electrons can be
excited from the defects state to the CB of TiO2 by photons with the energy less than 3.2
eV.%® The photocatalyst with narrowed band gap can shift the absorption from UV to
visible light region of the solar spectrum. However, metal doped TiO2 have a disadvantage.
At high concentrations the metal dopant can form metal clusters, blocking the TiOz surface,

and subsequently reducing light absorption and photocatalytic performance.®’

Ti 3d Ti 3d

Metal Doping
Eg=3.2 eV E,<3.2 eV
2<400 nm A > 400 nm
02p 0 2p
Undoped TiO, Metal Doped TiO,

Figure 1.7. A schematic diagram comparing the band gap structure of undoped TiO2 and
metal doped TiOx.
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Noble Metal Doping

Deposition of noble metal NPs, such as Ag, Pt, and Au with a large work function,
on the TiO2 surface effectively retards electron-hole recombination because a Schottky

barrier forms at the interface between the metal and Ti02.”°

EVacuum

E goini v / I D,
EFermi Level—m — — = = = = — — — I AU -

\

EVBmaximum

TiO, Metal

Figure 1.8. Schematic of a Schottky barrier between TiO2 and a metal.”!

As shown in Figure 1.8, metals have lower Fermi energies than semiconductors.
When metals contact TiO2, electrons flow from TiO2 into the metal until different Fermi
energies reach equilibrium.”! Band bending occurs when an excess of positive charge in
TiO: is generated from migrating electrons.”! The bending at the interface creates a small
barrier acting as an electron trap to prevent photogenerated electrons from flowing back

to the TiO2 surface.”! This Schottky barrier is represented as follows:
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& = Cpm—Xs Eq 1.6

where @s is the Schottky barrier, the energy difference between the Fermi level of the
metal and the band edge of the TiO2 that most carriers reside. @m is the work function of

the metal, and ;s is the electron affinity of TiOx.

Through this mechanism, the separated charge carriers then diffuse on the TiO2
surface where photoredox reactions occur. Iliev et al. reported that high Ag doping on a
TiO2 surface improved the photodegradation of oxalic acid through Schottky barrier
formation, which accelerated electron-hole pair separation and a higher rate of O2
reduction.”” However, Ag absorbs in the shorter wavelength region (320—450 nm) and does
not benefit visible light absorption.”> Au has better optical properties than Ag. In 2011,
Rahulan et al., doped Au NPs onto TiO2 to improve its light absorption. After Au doping,
the new nanomaterials had high chemical stability and strong visible light absorption over

a wide region (400—650 nm).”

Transition Metal Doping

The high cost and scarcity of noble metals have hindered their use in large-scale
applications. Hence, current interest is in the use of Earth-abundant metals as TiO:
dopants.” Transition metals, such as Fe and Cu, are abundant and have good light
absorption properties.”*’> These metal atoms either have or can produce cations with an
incomplete d-subshell that can accommodate more electrons.’*’® After doping TiO2 with
transition metals, the transition metal can trap photogenerated electrons or holes from the
VB of TiO2 to prevent charge carrier recombination.’® The current transition metal doping

method uses the corresponding transition metal salt as a dopant source, producing a
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homogenized speciation throughout the TiO2 matrix or surface.”” Furthermore, transition
metals in TiO2 have two or more oxidation states that accelerate charge transfer at the
interface.”® For example, Fe oxidation states include Fe®" and Fe*'. Fe*" traps
photogenerated holes and forms Fe*".”® Then, Fe*" further reacts with photogenerated
electrons to produce Fe’".”® During the process, the separated holes and electrons

continuously produce to participate in photocatalytic reactions.”

Cu is a typical transition metal and many studies report Cu is an effective dopant
for TiO2.””* Like most transition metals, Cu narrows the band gap of TiOz, shifting the
light absorption edge. It also has more than two oxidation states that enhance
photocatalytic activity.®> The most common oxidation states of Cu are Cu” and Cu**. Cu*
is unstable and is rapidly oxidized in the presence of oxygen (Eq. 1.7).%¢ Cu?*" can

continuously react with superoxide ions (O2") to produce Cu" (Eq. 1.8).3¢

Cu'+ 02 — Cu2* + 02" Eq. 1.7

Cu*'+ 02 —» Cu'+ O2 Eq. 1.8

Therefore, Cu” or Cu?" rapidly interconvert. During this process, O2" are
generated, which can kill pathogenic bacteria.®® Even in the dark, the Cu" modified TiO2
also is easily excited by surrounding oxygen to kill microbes.®” However, because Cu?" is
more stable to oxygen than Cu”, the redox reaction needs to be excited in heterogeneous
systems on TiO2 surfaces. After Cu" trapped electrons from CB in TiO2 to produce Cu”,

a Cu photoredox cycle is to build (Eq. 1.9). %

Cu*'+e —Cu" Eq. 1.9
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Wetchakun et al. synthesized Cu?*-doped TiO2 NPs with the band gap energy of
2.83 eV via the sol-gel method, which mineralized oxalic and formic acid under visible
light. The Cu dopant acted as an electron acceptor and retarded the electron-hole
recombination to enhance the photocatalytic reaction.* However, a large amount (5.0
mol%) of Cu decreased the TiO2 surface area, whereas 2.0 mol% Cu doping was the
optimum amount to obtain a sufficient surface area for increased acid adsorption.® This
result may be caused by different amounts of Cu modified the surface properties of TiOx.
Because of the charge imbalance, when Ti is replaced by Cu a high amount of oxygen

). The ionic radii of six-fold coordination of Cu** ions (0.7 A) is higher

vacancies (OVs
than that of Ti** (0.6 A).”! Dopant incorporation can cause tensile strain that results in
crystalline size increase.® Still, a high dopant concentration can take positions on the
surface or interstitial sites of TiO2 matrices and decrease its surface area.”! Therefore,

controlling the dopant concentration is important to improve the surface properties of

synthesized materials.”!
Advantages and Disadvantages of Metal Doping

Metal doped TiO2 enhances the visible light absorbance of TiOz, increasing its
applicability. Noble metal dopants enhance photocatalytic ability through localized surface
plasmon resonance effects. Readily absorbed photons to migrate electrons in TiO2 from
the VB to the CB. However, TiO2 decorated with noble metal NPs also reduces electron-
hole pair recombination, especially for highly loading samples (> 5%).”> When negative
electrons from the metal accumulate at the interface, the noble metal center develops a
negative charge that attracts holes and reduces charge carrier separation.’ In addition, the

high cost of noble metal dopants limits their large-scale application in practical industry.
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Transition metals are Earth-abundant and low-cost, so these metals and their
compounds have drawn increasing attention as candidates for photocatalytic applications.
The photocatalytic enhancement by transition metal dopants mainly relies on trapping
photogenerated electrons in the incomplete d-subshell to prevent charge carrier
recombination. Additionally, cationic dopants create an energy level under the CB of TiO2
or create a defect state by triggering the formation of Ti** and thus lower the band gap.
However, excessive doping can decrease photocatalytic activity by occupying surface or
interstitial sites and reducing surface area. The adsorption capacity of TiO2 can affect the
photodegradation of organic compounds, especially dyes. If the surface area is reduced,

the adsorption area and capacity are also impacted.

Furthermore, all metal doped materials have the same problems: metal doped
TiO2 leaches metal ions into the water and soil and are difficult to remediate. Leached
cations, such as Pb and Cr, accumulate in ecosystems and cause toxic effects.”® Thus,
evaluating metal ion leaching is crucial for reducing the risk of metal toxicity and

protecting the environment.®

1.5.2. Non-metal Modification

Like metals, non-metals have also been doped into TiO2 nanomaterials to

enhance visible light absorption. Doping TiO: with non-metals such as carbon (C),

nitrogen (N), and hydrogen (H) has received much attention.%%-62

C-or N-doped TiO:
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Among non-metal dopants, C and N have received the most attention. Compared
to metal dopants, non-metal doped TiO2 can more effectively inhibit charge carrier
recombination.®® As shown in Figure 1.9, the impurity states in non-metal doped TiO2 are
near the VB edge but do not act as electron accumulation sites; their role as recombination
centers might be minimized.®> In C-doped TiO2, the substitutional C atom in the TiO2
matrix introduces new states (C 2p) close to the VB edge of TiO2 (O 2p), resulting in the
VB edge shifting to higher energy and narrowing the band gap.”* Yang et.al. fabricated C-
doped anatase TiOz that exhibited high trichloroacetic acid (TCA) photodegradation under
visible light irradiation.”® Wong et al. further analyzed the factor that C-doped TiO2 may
improve.’® Their explanation included (1) C increases the surface area of the doped TiOz,
which could provide more active sites and adsorb more reactive species for
photodegrading targeted pollutants in water and (2) the incorporation of C atoms into TiO2
introduces lattice defects and OVs that contribute to the absorption of visible light and to

the photocatalytic effect.”

Ti 3d Ti3d
E,<3.2eV v 4 E=2.18¢V
A > 400 nm and A=>400 nm
CB
Non-metal Dopin Tailing
R o 2p 02
Non-metal Doped TiO, H-doped TiO,

Figure 1.9. Schematic of the band gap structure of non-metal doped TiO2 and an example
of H-doped TiOz; The disorder layer creases broadened tails of states extending into the
forbidden band gap.
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Although C-doped TiO: has visible light activity, the states introduced by C are
too deep in the gap and it cannot overlap sufficiently with the band states of TiOz to transfer
photoexcited carriers to reactive sites at the catalyst surface within their lifetime.”” If
photoexcited carriers do not transfer to reactive sites completely, the downstream
photoredox reaction will be impacted, resulting in insufficient pollutant mineralization.”®
Compared to C, the states introduced by N are lightly shallow because the ionic radius of
N (1.71 A) is greater than the ionic radius of O (1.4 A).”® N-doped TiO: currently exhibits

the greatest optical response to solar radiation among traditional non-metal doping.”’
H-doped TiO:

Both metal doping and non-metal doping can improve the solar absorption
characteristics of TiO2. An important factor is that Ti** defects and OVs generated via
metal replacement of Ti atoms or non-metal replacement of O atoms reduces electron-hole
pair recombination and extend the optical response. However, traditional non-metal
doping, and metal doing do not extend absorption sufficiently in the visible and infrared
region.'” H-doped TiO: is an alternative approach to improving visible and infrared
optical absorption.!’! H-doping does not make a substantial contribution to the CB or VB
state.!! Rather a mid-gap state is introduced by lattice disorder generated by Ti and O

atom defects after hydrogenation.'*

The structure of H-doped TiO: includes a TiO2 nanocrystal as a core and a highly
disordered surface layer where dopants are introduced (Figure. 1.10).!% The retained core
benefits the photocatalytic process, and the disordered layer benefits enhancing visible and

infrared absorption and carrier trapping.'®* Chen et al. showed that large amounts of lattice
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disorder in TiOz yielded mid-gap states that form a continuum extending to overlap with
the CB edge (Figure 1.9).!% This extended state is known as the band tail state and merges
with the VB.!" The band tailing in the VB is much stronger than in the CB.! The
engineered disorder provides trapping sites for photogenerated carriers and inhibits their
rapid recombination, thus promoting photocatalytic reactions.!®> The mechanism is
attributed to various defective species such as Ti** defects, OVs, interstitial Ti, and
interstitial O, H atoms forming surface OH bonds with oxygen (OH-surface), etc., but the
composition of the defects is affected by different synthetic approaches.!’! The most
typical defect species that contribute to photocatalytic activity include OVs and Ti**

defects.!?
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Figure 1.10. Schematic of the structure of bTiO2 in the form of a disorder-engineered
nanocrystal with H-dopant incorporation. Doping site are shown as black dots, and
disorder is represented in the outer layer of the nanocrystal.'®

OVs and Ti*" defects highly correlate to the promotion of light absorption,
chemisorption, and electron-hole pair separation and lead to superior photocatalytic

properties.'% Typically, H-doped TiO2 is black and referred to as black TiO2 (bTiO2).!"’
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OVs and Ti** defects extend the TiO2 photoresponse range from UV to the infrared and
visible light region.!”? Song et al. fabricated bTiO2 with large visible and infrared light
absorption corresponding to an increased number of OVs.!®® OVs introduced mid-gap
states that allowed electrons to be excited by lower energy photons.!® OVs are lattice sites
missing O atoms.'” These form moderately deep electron traps (trap depth 1.3-2.7 eV)
that inhibit charge carrier recombination.!” In addition, according to Malwadkar et.al, O2
irreversibly and dissociatively adsorbs on defective surface sites with excess negative
charges.''® During the photocatalytic process, electrons are excited to the surface and
trapped by OVs, which develop excess negative charges and subsequently absorb O2.!!!
The absorbed O2 are then activated to promote photoredox reactions. Conversely, Ti*" sites
preferentially absorb water.''” As shown in Figure 1.11, after adsorption, water diffuses
along the Ti rows and dissociates into a bridging Ti**-OH.!!> Adsorbed water or surface

OH groups can be oxidized to *OH, which subsequently degrade organic pollutants.'?

Some studies suggest Ti** is an active hole trapping site, but this is still controversial.''?
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Figure 1.11. Proposed model for the O2 and H20 adsorption on bTiOz. (1) An oxygen
vacancy is filled by Oz. (2) Ti**defect is filled by H20. (3) Two OH groups are dissociated
into a bridging Ti**-OH.!?

Although OVs and Ti** defects in bTiO2 contribute to the increased light-
harvesting properties, defects formed at a high annealing temperature result in electron-
hole pair recombination and a decrease in photocatalytic efficiency.'® OVs and Ti**
defects can occur on the surface or in the bulk.!® Surface defects serve as charge carrier
traps and adsorption sites where charge transfer to adsorbed species accelerates electron-
hole separation; however, bulk defects only act as charge carrier traps where electron-hole
pairs recombine.!''* Surface defects are unstable, and are easily impacted by high annealing
temperatures that increase their size and the electron-hole recombination rate.!'> In
addition, high temperatures can cause excess bulk defects via Ti** diffusion into TiO>

interstitial sites causing phase transformation from crystalline to amorphous
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structure.!'»!!> This phase transformation may decrease the photocatalytic properties.!!
Thus, tuning the surface/bulk defects of TiO2 nanocrystals is a key to improving the
photocatalytic performance of bTiO2.!”! Currently, sodium borohydride (NaBH4)
treatment is a practical and common approach to effectively tune the surface and bulk

defects of bTiO2.""” This method will be discussed in detail in Chapter 3.
Advantages and Disadvantages of Non-metal Doping

Like metal doping, non-metal doping of TiO2 increases visible light harvesting.
An advantage of non-metal doped TiO: includes simple and cost-effective synthetic
methods, inexpensive doping materials, using unsophisticated equipment efc. However,
all methods have drawbacks. As described above, C-doping can increase the surface area,
but strong adsorption prevents the complete mineralization of organic pollutants. bTiO2
has defects that inhibit charge carrier recombination, but these defects are unstable during
high temperature annealing. Optimizing synthetic approaches is required to improve the
photocatalytic activity of bTiO2. Single doping methods always have limitations. Thus,

scientists recommended exploring the effect of co-doping TiO2 with non-metals and metals.

1.6. Photocatalytic Mechanism of TiO:

The primary mechanism of TiO2 photocatalysts are interfacial redox reaction of
electrons and holes that are produced after sufficient exposure to solar energy. The main
steps are shown in Figure. 1.12,°® which includes: 1) light absorption, 2) charge carrier
recombination, 3) hole trapping, 4) electron trapping, 5) initiating an oxidative pathway

by a hole in VB, (6) initiating a reductive pathway by an electron in CB, and 7) further
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thermal and photocatalytic reactions to attack microbes (7A) and decompose organic dye

(7B).%®

O, 7
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Figure 1.12. Main steps in the mechanism of TiO2 photocatalysis: (1) production of
electron-hole pairs by photon absorption; (2) charge carrier recombination; (3) trapping of
an electron in CB; (4) trapping of a hole in VB; (5) initiation of an oxidative pathway by
a hole in VB; (6) initiation of a reductive pathway by an electron in CB; (7) further
hydrolysis and photocatalytic reactions to decompose dye (7A) or attack microbes (7B).
Adapted from Reference 58, Copyright 1995 American Chemical Society.

1.6.1. Light Absorption

In step (1), the light absorption process is very fast and ranges in
femtoseconds.!'® The photocatalytic reaction is initiated by the energy of an absorbed
photon exceeding the band gap energy of TiO2. The solar light at the Earth’s surface
includes wavelengths in the UV, visible, and infrared (IR) regions.!"” Of these,
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approximately 4% of the sunlight is in the UV region (wavelengths from 300 to 400 nm),
and approximately 45% is in the visible range (400 to 760 nm).'?° The absorbance of
traditional white TiO2 (WTiO2) is below 400 nm, greatly limiting the photocatalytic

efficiency.'?!

1.6.2. Electron-hole Pairs Generation, Recombination, and Separation

Light energy excites TiO2 photocatalyst to form electron and hole pairs, as
shown in Eq. 1.10. The excited electrons in CB and holes in VB can either recombine or
can be separated by getting trapped in the surface defect sites such as Ti*" and titanol group
(Ti(*")-OH) or reacting with electron donors and electron acceptors that are adsorbed on

the TiOz surface.’®

Charge carrier generation:

TiO2+ hv — hve" + ecp’ Eq. 1.10

The electron-hole pairs usually recombine in the absence of suitable electron
and hole scavengers (Step (2)). When these scavengers are located at the surface of TiO2,
such as Ti*" and Ti*'-OH, the excited-state electrons and holes will be trapped separately
to inhibit recombination (Step (3) and Step (4)).'?? Electrons are trapped in Ti** (Eq. 1.11);
this process is irreversible due to electrons in Ti*" being in deep trap states. Ti*'-OH
contributes to hole trapping to form *OH, as shown in Eq. 1.12.!%3 The reason is that the
standard redox potential E(OHaq /*OHaq ) = 1.9 V (vs normal hydrogen electrode, NHE)
and E° (H20ag/*OH aq+ Hag) = 2.73 V (vs NHE) are located at a less positive potential than

VB edge of TiO2, which causes holes to produce *OH. '>* The *OH contains free-state and
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surface-bound *OH ([Ti*'— *OH]").!?* The free *OH participates in redox reactions on the
interface of TiO2.!%° Excessive [Ti*'— *OH]" can recombine with electrons, as shown in
Eq. 1.14. Also, an electron can be shallowly trapped by Ti*'~ OH (Eq. 1.13) to form Ti**—

OH that can recombine with holes (Eq. 1.15).!%

Charge Carrier Separation:

ece” + Ti*" — Ti** Eq. 1.11
hvg*+ Ti*'-OH — [Ti*'- «OH]" Eq. 1.12
Ti**~ OH + ecs” — Ti**~ OH Eq. 1.13
Charge Carrier Recombination:
[Ti*— «OH]" + ecs” — Ti*'— OH Eq. 1.14
Ti**~ OH + hys"— Ti*'~ OH Eq. 1.15

There are two competitions between the charge carrier recombination process
and the charge carrier trapping process (picoseconds to nanoseconds) followed by the
competition between trapped carrier recombination and interfacial charge transfer
(microseconds to milliseconds).>® Higher quantum efficiencies for steady-state photolysis
can be achieved by increasing the recombination lifetime of charge carriers and the
interfacial electron-transfer rate constant.'?® Simply, if electron-hole pairs are in a de-

trapping state, the electrons or holes can be free to be activated, not be recombined.'?®
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1.6.3. The Initiation of Oxidative and Reductive Pathway

The oxidative and reductive pathway for the reaction is initiated from electron-
hole pairs that migrate to the surface of the TiO2 photocatalyst. The free electron-hole pairs
react with adsorbed species such as oxygen and water to form ROS, which is a type of
highly active free radical, that can attack pathogenic microbes (step (7A) organic

pollutants (step (7B)).

1.7. Motivation

TiO2 has become an excellent candidate for water purification through its
photocatalytic decomposing pollutant degradation and antibacterial properties. To obtain
higher photocatalytic efficiency and broaden their use, pristine TiO2 catalysts require
further engineering of their morphological properties, crystalline structure, particle size,
and surface area.!?’”'*' Currently, TiO2 modified via metal and non-metal doping has

shown that both methods improve the photocatalytic ability relative to pristine TiO2.28

The main concerns during water treatment are the removal of organic
pollutants and pathogenic microbes. Modified TiO2 via Cu-, Fe-, Au-, Ag- and Pt-
doping are effective in removal of environmental pollutants via photocatalytic process.”®
However, Au, Ag and Pt are limited for long-term environmental treatment because of
cost concerns, legal restrictions, and human health impact. For the Earth abundant
metals, Fe has lower antibacterial performance than Cu. In all form factors, Cu and Cu

compounds are the most widely used dopants in efforts to enhance the photocatalytic

and antibacterial properties of TiOx.

26



This thesis reports the successful use of a new modified TiO2 photocatalyst
(TiCuxO2 NPs) to degrade the organic dye and destroy pathogenic microbes. These
photocatalyst NPs are modified pristine TiO2 with optimal light adsorption ability and
ROS generation to accelerate photocatalytic reactions. Cu-doping improves light
absorption, electron-hole separation, and antibacterial properties. Because single element
doping in TiO2 limits broad solar spectrum harvesting, I further modified TiCuxO2 NPs
from white to black by hydrogenated treatment. The treatment aims to narrow the band
gap, enhance the optical properties, and provide superior photocatalytic abilities relative

to white modified catalysts.

The motivation for the research presented in this thesis was to systematically
investigate how various parameter affects the photocatalytic and antibacterial performance
of TiCuxO2 NPs. Chapter 3 details the synthetic approach to TiCuxO2 catalysts, and further
investigates the influence of their surface characteristics, metal doping, and H-doping on
the photocatalytic activity. Chapter 4 focuses on the best Cu-doping concentration for
enhancing photodegradation ability and analyzing the photodegradation mechanism of
TiCuxO2 NPs via the ROS scavenger tests. Chapter 5 investigates the best antibacterial
performance of TiCuxO: catalyst and describes the possible factors for inhibiting bacterial
growth. By analyzing the dye degradation kinetics and bacterial inhibition of various
catalysts, I determined that lower Cu dopants effectively photodegrade dyes, whereas
higher Cu doping concentration benefit killing microbes. Based on all analyses, optimizing
the Cu doping concentration may make Cu-doped nanomaterials more widely used in

water treatment.
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CHAPTER 2. Theory and Details of Characterization Techniques

The photocatalysts synthesized in this thesis were characterized using various
techniques to understand their crystallinity, morphology, surface chemistry, and optical
properties. A brief summary of the theory and instrumentation details of various techniques

used in this thesis are outlined in this chapter.

2.1. Powder X-ray Diffraction

X-rays are electromagnetic radiation with a short wavelength and high frequency.
The wavelength and frequency ranges from 107 to 1072 meters and 10'® to 10%° hertz,
respectively, for X-rays.!*? Powder x-ray diffractometer (XRD) consists of three main
components: an X-ray tube, a sample holder and an X-ray detector, as shown in (Figure

2.1).133

Goniometer

Rotating

Figure 2.1. A schematic diagram of powder X-ray diffraction. There are three main
components: 1) X-ray source, 2) sample holder, and 3) detector.'*?
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First, in the cathode ray tube electrons are produced by heating a filament and
these electrons are accelerated towards a metal target by applying voltage.'** When voltage
increase from the threshold to the excitation voltage, the electrons will have enough energy
to eject inner shell electrons of the target material and produce characteristic X-rays.!
Table 2.1 lists some common target materials and the wavelength of the X-ray produced

from these metals.

Table 2.1. The characteristic wavelength of common X-ray targets in nm.!?

Target Ku Ka2 K. mean Kp
Cr 0.22896 0.22935 0.22909 0.20849
Mn 0.21019 0.21058 0.21031 0.19102
Fe 0.19360 0.19399 0.19373 0.17566
Co 0.17889 0.17928 0.17902 0.16208
Cu 0.15405 0.15444 0.15418 0.13922
Mo 0.07093 0.07135 0.07107 0.06322

Cu is the most common target material.'*®> Electrons from the cathode with
sufficient energy hit the electron in the K-shell of the target material. The K-shell electron
is dislodged to produce a hole in the empty position.!*® According to the selection rule, the
electron in L-shell (2p) will transit to K-shell to fill the hole.'3® At the same time, X-rays
corresponding to the energy difference between the two energy states will be emitted and
are called Ko."3” Similarly, when the electron from M-shell fills the 1s, the X-ray is called
Kp. These processes are summarized in Figure 2.2. In general, the intensity of Ka is

stronger than Kp.'*® Furthermore, in the transition (2p to 1s), the 2p orbital split different
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states, Ka1 and Ko2.!*® Ka1 and Koz are usually used for XRD, and Kg will be cut off by a

nickel (Ni) filter.!3

Cathode
Electron

K,>K;

Figure 2.2. The electronic transitions in Cu atoms to generate Ko and Kp X-rays.

The atoms in crystalline materials are arranged uniformly with a characteristic
spacing between the planes. Atoms diffract incoming X-rays when they strike the surface
of a crystal and the non-scattered X-rays continue through the material and can be scattered
by the next layer, and so on.!* If beams diffracted by different layers are in-phase, the
resulting constructive interference will result in a peak in the diffraction pattern.
Alternatively, when the diffracted X-rays are out-of-phase destructive interference will
result in no peak detected.!** As shown in Figure. 2.3, the distance between two lattice
planes is represented by d. When incident X-rays with wavelength () strike the plane (1),
and reflected angle is equal to the incident angle (0).'*® Constructive interference occurs

when Bragg’s law can be satisfied,'*’ i.e., the distance between two incident beams (given
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by AB) and the distance between two reflect beams (given by BC) should be equal to a

whole number of the wavelength (n}) (Eq. 2.1).!4°

AB + BC =nA. Eq. 2.1

n\ = 2d sinf Eq.2.2

The extra distance beams have to travel is dependent on the d spacing and the
incident angle of the X-ray; therefore, by investigating different angles along the focusing
circle, different crystal planes with unique d spacing can be identified. The diffracted
intensity is measured as a function of 20 which results in a diffraction pattern where the
intensity of the diffraction peaks is dictated by the amount of constructive interference.
Most materials have a characteristic diffraction pattern which allows components in

materials to be identified through accesses a database of diffraction patterns.'*!

Incident X-rays Diffracted X-rays

Plane 1

Plane 2

Figure 2.3. A schematic diagram representing Bragg’s law. When the distance between
AB and BC differs by an integer number of A, the diffracted X-ray constructively
interfere.
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Powder XRD measurements in this thesis were performed on a Rigaku Ultima
IV X-ray diffractometer with Cu Ka radiation (A = 1.54 A) and diffracted beam
monochromator, using a step scan mode with the step of 0.05° (20) and 3 counts/s per step.
The samples were placed on a zero-background Si wafer. Diffraction patterns of anatase
TiO2 powders were compared with reference to International Centre for Diffraction Data

(ICDD) database.

2.2. Electron Microscopy

Electron microscopy is a technique used to characterize the morphological and
chemical properties of materials.'* This technique has the ability to image objects at the
micro/nano or even down to atomic size.!** The resolution of electron microscopes is
higher than traditional optical microscopes which use visible light radiation.'* The
wavelength of the visible light (400 — 700 nm) limits the resolution of the image.'* The
wavelength of electron beams in electron microscopes is short (10 pm to 10 nm), which
can interact with atoms in the system to generate spatial images in high resolution.'*
Electron microscopy can be operated in different modes with two most common ones
being scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
The operating principle in both types involves the use of an electron beam to capture the
material information.'*” Figure 2.4 illustrates a schematic of the fundamental
methodology of SEM and TEM, respectively. SEM examines the surface of the sample by
analyzing reflected or knocked-off electrons, but TEM creates 2-D images of the

specimens by using the transmitted electrons.'*’
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Figure 2.4. A schematic of SEM and TEM instrumental setup.'*

2.2.1. Scanning Electron Microscopy (SEM)

SEM is a form of electron microscopy and a useful characterization technique
that provides information on sample morphology, topography, and differences in chemical
composition of the surface.'* The instrument (Figure 2.5) is composed of the electron
gun (electron source and anode), a vacuum chamber, a condenser lens, and a selection of
detectors.'>® The electron gun at the top of the column produces a source of electrons from
a small spot. Common electron sources used are thermionic tungsten, LaBes and, hot or
cold field emission.'#” The electron beam is passed through the condenser lens and adjusted
to a small electron beam for focusing samples.!*® Then, scanning coils deflect the beam in
the X and Y axes for faster scanning and cooperate with the objective lens to control the

magnification and minification of imaging.'>!
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Figure 2.5. The main components of an SEM microscope.'>

When the electron beam passes the objective lens and interacts with the sample,
several processes will occur, as shown in Figure 2.6."°? Secondary electrons (SEs) and
backscattered electrons (BSEs) are crucial for image generation.!>?> SEs are free electrons
that emit from the sample in a vacuum. Because the binding energy is low between nuclear
and electrons in the outer shell, the outer electrons are an easy escape from the atoms after
acquiring energy from the primary electron beam via inelastic collison.!> The energy of
SEs is below 50 eV.'* The SEs detection is very surface sensitive and is useful in
determining topography.'>! On the other hand, BSE are higher energy (over 50 eV) than
secondary electrons since they arise from mostly elastic collisions with the nucleus of

surface atoms.'>* Compared to SEs, the energy of BSE is much higher and can penetrate
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much deeper into the specimen.!> The higher the atomic number of a material, the more
likely that backscattering will occur which allows identification of elemental differences
from brightness variation in the resulting image.'*® After scanning sequentially, the signal
of reflective electrons and scattered electrons is sent to a computer to produce a three-

dimensional image.

Primary
Electron Beam

Electron-sample
Interaction Depth

Thick Sample

Figure 2.6. The absorbed depth of electrons in the sample.!3%15

The SEM images of TiCuxO2 catalysts in this project were collected using a

Hitachi S-4700 field-emission scanning electron microscope (FESEM). The TiCuxO2
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catalysts were dispersed in acetone. and drop cast onto a silicon wafer. The images were
collected at 3.0 — 5.0 kV accelerating voltage and an emission current of 14 — 16 pA. The

SEM images were collected by Sarah Martell and Isabel Curtis at Dalhousie University.

2.2.2. Transmission Electron Microscopy (TEM)

TEM is an electron microscopy technique that is imaged via a transmitted electron
beam.' It is a characterization technique capable of providing information on sample
morphology by producing a two-dimensional image as well as information on crystal
structure through diffraction.!*® The basic components of TEM are shown in Figure. 2.7,
and the working principle is very similar to optical microscopy. The electron gun and
electromagnetic lenses in TEM are equivalent to the light source and glass lenses in optical
microscopy.'*° To collect a TEM image a coherent electron beam of energy ranging from
60 — 150 keV is focused on a thin sample.'*® To do so, the electrons pass through the
condenser system to focus the beam and control their diameter. After the generation of a
suitable electron beam, the beam transmits the sample for final imaging. The objective lens
is located under the sample stage, which is used to form the first image and diffraction
pattern. The first image and diffraction pattern are magnified by the projector lens onto the
detection system and magnifies the signal of transmitted elections. Then, the image is

translated by a charged coupled device (CCD) camera and sent to a computer.
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Figure 2.7. The main components on a TEM microscope.'®’

There are three main modes to produce images in TEM, including bright-field
imaging, dark-field imaging, and diffraction imaging.'>’ Bright-field imaging is a common
and straightforward mode. The objective aperture selects the transmitted electrons to form
images.'® If the areas have higher thickness or mass, the electrons are scattered and the
transmitted electrons decrease,!*® resulting in an area that is darker.!*® Oppositely, in dark-
field imaging, the objective aperture detects the scattered electrons. The area is brighter if
more electrons are scattered.'® The diffraction imaging is caused by the elastic scattering
beam and is widely applied in high-resolution transmission electron microscopy (HR-
TEM).!®! In HR-TEM, the images of the crystalline structure are created by interference

of transmitted and diffracted electron beams.'®? The diffracted electrons interact with the
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crystal lattice to reveal the lattice spacing and grain boundaries.!®® The phase crystalline

images can be created by HR-TEM when the samples are ultrathin (thickness < 100 nm).!>3

Furthermore, some TEM equipment is equipped with scan coils, which can scan
a focused electron beam to scan across the specimens for sequential chemical analysis of
the across areas of the specimen.!®® The equipment is called scanning TEM (STEM).
Importantly, STEM with extra lenses can correct the spherical aberration and obtain more
focused spots.'*® Under this condition, the resolution of the dark-field mode is improved
to a high-angle annular dark field (HAADF), which makes it an ideal instrument for

analyzing chemistry at the atomic scale.'®

TiCuxOz catalysts in this thesis were analyzed using a Hitachi HT7700 TEM at
an operating voltage of 80 to 120 kV. The instrument equips a dual-focus objective, which
is useful for swapping between high contrast and high-resolution mode. A CCD camera
transforms the signal of electrons into an image. The samples were dispersed in ethanol
and sonicated for 20 min. The dispersion was then dropcast onto a carbon coated Ni TEM
grid for analysis. TEM images were collected by Judy Maclnnis at Cape Breton university.
The images of HAADF in SEM mode was performed with a Thermo Fisher Scientific
Talos 200X at an operating voltage of 200 kV with a spot size of < Inm, and the
convergence semi-angle 10.5 mrad. The images were collected by Andrei Carmen at

McMaster University.

2.3. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analysis
technique based on the photoelectric effect.!* When incident X-rays irradiate a material,
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the atoms near the surface of the sample absorb these photons and can eject core electrons
from the material.'®> Analyzing the kinetic energy of the ejected photoelectron can reveal
chemical state information, atomic chemical environment, and elemental composition of

the material.'®®

Figure. 2.8 illustrates a schematic diagram of an XPS instrument.'®” The main
components are an X-ray source, the sample stage, an electron transfer lens, an analyzer,
and a detector.'®* The X-rays are generated using sources such as Al Ko (hv = 1486.6 eV)
and Mg Ka (hAv = 1253.6 eV) similar to the process explained in X-ray diffraction
technique.'®” After the X-rays irradiate the sample, the ejected electrons collect onto the
lens system for signal magnification.'®® Then, electrons with specific energy pass through
the concentric hemispherical analyzer to obtain a measurable current pulse.'® The XPS
analysis is performed within an ultrahigh vacuum (UHV) chamber to avoid the

photoelectrons colliding with nearby molecules and contaminants.'”

Concentric
X-ray Source Hemispherical
Analyzer
hv e Electron +
Transfer Lens
| -
Sample Stage Detector

Figure 2.8. The schematic diagram of an XPS instrument.'”!
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When primary X-rays interact with the sample, the X-ray energy transfers to a
core level electron. If the photon energy is higher than the binding energy, which is the
energy difference between the Fermi and the core energy levels, the core electrons are
ejected from the atom.!”! The ejection process of a fluorine atom is shown in Figure 2.9.

The kinetic energy of the electrons can be measured by the XPS instrument.

Fluorine Atom Ejected Photoelectron

Free Electron Level
Conduction Band /

Fermi Level

Valence Band

L2,L3
L1

Is  —a K

Figure 2.9. An example of the ejection process to generate a photoelectron.

The binding energy (BE) is equal to photon energy minus kinetic energy (Ex), as
shown in Eq. 2.3.!7> However, the measured energy will shift due to X-ray bombardment
within the spectrometer. The work function, ®sp, of the spectrometer is independent of
electron binding energy and needs to be corrected by a defined peak to know the binding

energy value, e.g., carbon 1s to 285.0 eV.!” Finally, according to the conservation of

energy required; the equation is shown in Eq. 2.4.!7°
BE = hv — Ek Eq.2.3
BE =hv — (psp— Ex Eq 2.4
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XPS is a technique that can be used for both qualitative and quantitative analysis.
Qualitatively, XPS spectra easily determines the elements present by observing major
peaks.!” The observed peaks are unique, which shows the binding energy level of emitted
electrons in the sample.!”” Because the electron mean free path for the excited
photoelectrons is below 3 nm, observed elements in the XPS spectra are located in the
outermost 20 atomic layers in the sample.'” Besides H and He, all elements can be
identified with a reference book or computer database which contains energies for each
expected element peak, peak shape, peak splitting, and chemical element shifts.!” For
quantitative analysis, determination of the relative concentrations of the different
constituents is important, which can be estimated by peak area and peak height sensitivity

factors.!”

In this thesis, the XPS spectra of TiCuxO:2 catalysts were collected by Andy
George using a Thermo VG Scientific Multilab 2000 spectrometer. Ko X-rays of aluminum
were used in this XPS system. High-resolution spectra were recorded with a pass energy
of 30 eV and a step size of 0.1 eV. The spectra were fitted by CasaXPS software. The
background used a nonlinear type (Shirley mode), and a Gaussian-Lorentzian line shape

of GL (30). The binding energy of Cls (284.8 eV) was used for calibration.

2.4. Ultraviolet-visible Spectroscopy

Ultraviolet-visible (UV-vis) spectroscopy is a technique that quantifies light
absorption of samples as a function of wavelength.!’® The instrument is mainly composed
of a white light source, collimator, monochromator, sample holder, and detector.!”” The

schematic diagram of the UV-vis spectrometer is presented in Figure 2.10.!”” The radiation
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source with a given wavelength range (190 nm to 2300 nm) passes through a collimator to
obtain a straight and parallel beam.'”® The collimated beam is split and selected into
differentiated wavelengths or colours via a monochromator to irradiate the sample.!”® The

light-transmitted intensity is measured by the detector.

—
y ]
. —l -— -
—
Light Source Collimator Monochromator Sample Detector

Figure 2.10. The main components of UV-vis spectrometer.

The absorbance (A) of the samples is related to transmittance (T) as given by
Beer-Lambert’s Law (Eq. 2.5). Beer-Lambert's law is useful for determining the
concentration of the sample. Eq. 2.6 shows the absorbance directly proportional to the

concentration of the absorbing sample and the path length of cuvettes.

A=—1logT=—log I/l Eq. 2.5

where I and Io are the intensities of the transmitted and incident light beams, respectively.
A =c¢bc Eq. 2.6

where ¢ is the molar absorptivity (a constant, L mol™! cm™), b is the path length, ¢ is the

concentration of the sample solution.
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2.4.1. Diffuse Reflectance Spectroscopy

Diffuse reflection spectroscopy (DRS) is a subset of absorption spectroscopy.'”®
The Bouguer-Lambert-Beer law describes the light absorbance of the sample that is not
consumed by scattering and reflection processes.!® In liquid dispersed systems, the light
scattering losses are minimal because the particles are so tiny. However, the reflection
losses at every phase boundary are excluded in practice by measuring versus a reference
cuvette.'®® However, in the case of solid samples that scatter strongly or are not transparent

the incident light is reflected diffusely, as shown in Figure 2.11.'%!

Incident Light

Diffusely
Reflected Light

Figure 2.11. A schematic of reflected and diffused reflected light.

The reflecting signal is a function of the absorbing power of a substance, i.e., its
color.'®® The complementary color to that observed by the eye is absorbed by the
substance.!®? Surface scattering causes diffuse reflection that can be measured by diffuse
reflectance spectroscopy, represented by Kubelka-Munk function F(Rx), as shown in Eq.

2.7.%8
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F(R+) = [(1= R»)?] / (2Rw0) = kis Eq. 2.7

where R is Kubelka-Munk function that implies the thickness of substances approaches
infinity within the scope of the theory. k& is absorption coefficients and s is scattering

coefficients.

In practice, the real intensity of diffusely reflected light form a substance must
consider the impact of the background reflectance.!® If the background has reflecting
power equal to the substance, the observed spectrum does not include any properties of
the substances. Deposited MgO and BaSOs4 are the best standards because of their easy

obtainment under defined conditions.'%*

Diffusion reflectance spectra are obtained by a spectrometer. The whole system
includes a broadband (either in UV, visible or near-infrared) light source, a PC-driven
miniaturized spectrometer, and diffusion reflectance fiber probe, as shown in Figure

2.12.182

Light Source

Reflectance
Fiber Probe

Sample Spectrometer

e —

Holder

Figure 2.12. A schematic of a diffuse reflectance spectrometer.

44



Band Gap Calculation

The absorption properties of solid samples can be characterized by a diffuse
reflectance spectrometer. The band gap can be calculated through analysis of the
absorption edge.'® The threshold of continuous optical absorption is represented by the
quantum mechanical perturbation theory of electron-photon interaction.'® For different
interactions, along the sharp absorption edge, the energy of incident photons, and band gap

of a semiconductor can be shown through Tauc plot, Eq. 2.8.%
(ahv) "= A(hv — Eg)" Eq. 2.8

where Eg is the band gap (eV), /4 is the Planck’s constant (J s), A is the absorption constant,
v is the light frequency (s'), and a is the absorption coefficient. The n-value depends on
the interband transition mechanism. If the semiconductor has indirect band gap, n = 72;

conversely, if the semiconductor has direct band gap, n = 2.!%

In this thesis, the absorbance spectra of all TiCuxOz catalysts were recorded with
a UV/VIS/NIR spectrometer (SILVER-Nova, Lambda LS 30 with a homemade sample
holder). The band gaps of the TiO2-based materials were estimated from Tauc plots

obtained from the absorbance spectra.

2.4.2. Microplate Reader

A microplate reader is a multimodal instrument that performs a variety of optical
experiments, including absorbance, fluorescence, and luminescence measurements. In this
thesis, the absorbance measurements are the primary mode to use; its principle is the same

as the UV-vis spectrometer. Microplate reader experiments are performed in a microplate,
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which is a transparent plastic plate composed of multiple wells. Figure 2.13 shows the
setup of a microplate. Microplate reader measurements are in seconds and can measure
multiple samples simultaneously. Different from a traditional UV-vis spectrometer, the
path of light is vertical through the well plates, then reaches the detector. The path length
is determined by the volume of samples, so the volume in one experimental system should
be consistent. In this thesis, the sample was collected into 96-well Corning UV-Plate, then
the absorbance of RhB and the turbidity of Escherichia coli (E. coli) were measured by a

BMG LABTECH Omega Microplate Reader.

Light Beam

96-well Plate

Detector

Microplate Reader PC

Figure 2.13. The schematic diagram of the microplate reader in absorbance mode.
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CHAPTER 3. Synthesis of Copper-doped White and Black Titanium
Dioxide Nanoparticles

3.1. Introduction

The morphology and structure of TiO: affect its light absorption, charge
recombination and separation, chemical adsorption, ROS generation, and photocatalytic
activity.'®® Recently, many studies have focused on developing synthetic methods to tailor

desired structures.5>7>187.188

Some approaches include sol-gel, micro-emulsions,
precipitation, flame synthesis, solvothermal/hydrothermal, etc.'®® The sol-gel and
solvothermal methods are the most commonly used.'® However, there are disadvantages
to the sol-gel method, including a fast hydrolysis rate, soft/hard template requirement,

unstable substrate attachment, and non-uniform particle-size distribution, which limits

TiO2 modification.'®®

3.1.1. Solvothermal Method

Nanomaterials prepared using the solvothermal method are expected to have a
larger surface area, smaller particle size, and greater stability than those obtained by sol-
gel methods. The solvothermal method is a process in which the chemical reaction occurs
in a solvent at a temperature above its boiling point.'”® When water is used as the solvent,
the method is referred to as hydrothermal synthesis.!® The reaction temperature and
pressure typically range between 100 — 250 °C and 0.3 — 4.0 MPa, respectively.'! This
method is used when the required solubility cannot be reached in the solvent and/or when
the reaction temperature below the boiling point of solvent is not sufficient to decompose

the precursors.'”> The solvothermal method can be used for controlling the particle size,
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morphology, and surface area by modifying variables such as pH, temperature, pressure,

reaction time, solvent, etc.!?-193:194

During the solvothermal process, the decomposition of the organic solvents or
the reaction precursors can produce water in-situ that can participate in the hydrolysis
reactions. This helps control the rate of hydrolysis compared to performing the reaction in
water as the solvent. The metal precursors are usually alkoxides.!”® The organic media
consists of solvent, oxidants or reductants, and structural templates.'® In 1999, Kominami
et al., reported a type of solvothermal processing under autoclave conditions to synthesize
microcrystalline TiO2 powders with sizes up to 10 nm in diameter.'” In the synthesis, Ti*"
alkoxide precursors were hydrolyzed using water that was liberated homogeneously from
alcohol condensation reaction.!> Because TiO2 has low solubility in organic solvents, the
alcoholysis process helps form agglomerates resulting in nano-sized particles.'”® However,
in this case, the TiO2 precursors will graft plenty of hydroxyl groups from the alcohol,
resulting in amorphous material.'”” The obtained TiO2 precursors need to be calcinated for

removing the organic template and forming crystalline phases.'**

The most common Ti precursor and alcohol are Ti isopropoxide (TTIP) and
isopropanol for anatase phase TiO2 formation. The transformation from TTIP to TiO2 NPs
undergo three main reactions: alcoholysis (Eq. 3.1), hydrolysis (Eq. 3.2 and Eq. 3.3) of
TTIP, and condensation (Eq. 3.4 and Eq. 3.5), which are the same as most solvothermal

alcoholysis synthesis.'**

Alcoholysis step:

2R-OH — R-O-R + H20 Eq. 3.1
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Hydrolysis step:

Ti(OR)4 + H20 — Ti(OR)2(OH)2 + ROH Eq.3.2
Ti (OR)2(OH)2+H20 — Ti (OR) (OH)3 + ROH Eq.3.3
Condensation steps:
Ti (OR)2(OH)2 — TiO2+ 2ROH Eq.3.4
Ti (OR)(OH)3 — TiO2 + H20 + ROH Eq.3.5

where R is C3H7.

In research on TTIP decomposition, some authors showed that the presence of
isopropanol facilitates precursor transformation into metal oxide.!'”* Takahashi et al.
figured out that pure alkoxide was difficult to obtain from TTIP decomposition.'*”® The
water formation was happened after the dehydration of isopropanol then initiated the
hydrolysis reaction of the TTIP. Thus, the first step in TiO2 formation from Ti alkoxide

was alcohol dehydration followed by hydrolysis reactions.

3.1.2. NaBH4 Treatment

Hydrogenation treatment is a type of band engineering method to enhance the
visible light absorption of TiO2.!" This treatment is usually carried out by a high
temperature treatment under reducing atmosphere (i.e., pure H2 and H2/Argon).2° Mao et
al. first proposed the hydrogenation method in 2011.'% Ti*" in original TiO: crystals was
reduced to Ti*" under a H atmosphere which produced a disordered nanophase.'” At the

same time, H dopant was incorporated on the surface of TiO2 inducing the generation of
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surface defects such as OVs and Ti*" defects.!% This bTiO2 had a narrow band gap (~1.54
eV) demonstrated high photocatalytic activities to degrade organic pollutants and water
splitting.'” However, this synthesis approach for generating new material was time
consuming, which required heating in Hz atmosphere for five days.!”* The mechanism for
the formation of disordered surfaces was not understood. So, during the long annealing
time, the crystalline size and photocatalytic activity were hard to control, limiting large-
scale production for industrial applications.’”? In 2014, Sun et al. developed a new
approach to the synthesis of bTiO2 through thermal decomposition of NaBH4, which was
facile and easy to control.!’> They also proposed an explanation for the formation of
disordered layers, enhancement of photocatalytic performance, appearance, and change of

band energy.!!®

NaBHa has a high volumetric and gravimetric H capacity (115 kg of Ho m™; 10.7

),2% and it can be released in controllable amount, i.e., the Hz released amounts

mass %
depend on experimental conditions, such as the reaction time, temperature, pressure, and
heating rate.?**?% Mixing NaBH4 with TiO2 can also improve the homogeneity of
hydrogenation once H: is produced in-situ. During the thermal reaction, Hz released from

NaBHa4 can react with TiO2 and give the photocatalyst a higher visible-light absorption

capacity. The thermal decomposition follows the reaction (Eq. 3.6).2%
NaBH4 — (i) solid (Na, B, H) + Y gas (j) (B, H) isothermal Eq. 3.6
where i is isothermal, j is exothermic.

During thermal hydrogenation reaction, two types of defects can be formed in

TiOa: surface defects and bulk defects.!'>?°7 The surface defects that occur on the surface
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can trap electrons or holes to inhibit charge recombination and improve photocatalytic
activity.!'” However, the bulk defects can easily trap the charge carriers in the interior of
the particle and decrease the photocatalytic activity by preventing their participation in
redox reactions.!*? Increasing the amount of surface defects is the key point to maintaining
the high photocatalytic efficiency, which can be controlled by the treatment temperature.'!”
It has been shown that 300 °C was the best reaction temperature for generating a specific
concentration of surface defects.!!”2%212 The decomposition of NaBH4 is an exothermic
process; therefore, the calcination temperature must be kept low to protect the original
morphology of TiO2. Morphology and surface defects will be altered at a high treatment
temperature, impacting the photocatalytic activity.!'>!'” The sorption capacity of NaBHa
is high, the solid residuals absorb on the TiO: lattice and need to be treated with

hydrochloric acid (HCI).21°

In this thesis, Cu-doped white and black TiO: catalysts were synthesized via the
solvothermal method and NaBH4 treatment for photocatalysis and disinfection

applications.

3.2. Experimental Methods
3.2.1. Materials

Titanium isopropoxide (TTIP, 97%), cupric acetate hydrate (Cu(OAc)2 , 98%)
sodium borohydride (NaBHa4, 99%) were purchased from Sigma-Aldrich. Isopropanol

(99%), ethanol (90%), and hydrochloric acid (HCl, 37%) were purchased from Fisher

Scientific. All reagents were of analytical grade and were used as received without further
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purification. Nano-pure water was obtained from a Thermo Scientific Barnstead Ultrapure

Water Purification System.

3.2.2. Synthesis of Cu-doped White TiO:

wTiCuxO2 and undoped wTiO2 NPs were prepared by the solvothermal method.
8.60 g of titanium isopropoxide (TTIP) as Ti precursor was dispersed into 20 mL of
isopropanol. 54.44, 5.44, 0.544, 0.0544 mg of cupric acetate hydrate (Cu(OAc)2) was
separately dispersed in 9.5 mL isopropanol alcohol by stirring for 1 h at 400 rpm at room
temperature. Then, required amounts of Cu(OAc): solution (1 ppm, 100 ppm, 1000 ppm,
and 10,000 ppm with respect to the final solution) were added to the TTIP solution with
stirring for 1 h at 400 rpm. The ratio of parts per million (ppm) was described as the relative
abundance of dissolved Cu(OAc):2 in the total volume of final solutions. For example, 1
ppm Cu-doped white TiO2 corresponded to 0.001 mg Cu solution in a 1 mL final solution.
The ratio of Cu and the final solution volumes was kept constant. Then, the mixtures were
sonicated for 1 h. During sonication, a small amount of nano-pure (0.5 mL) water was
added to the mixtures. The final reaction volume was adjusted to 30 mL by adding
additional isopropyl alcohol. The solution was then transferred into an autoclave lined with
a Teflon vessel and kept at 185 °C for 24 h. After cooling, the precipitate from the reaction
was rinsed with ethanol and distilled water for 3—4 times to remove unreacted residuals.
Following the washing, the white powder was collected by centrifuging at 4700 rpm for
30 min and dried in an oven at 100 °C. This yields amorphous wTiCuxO2 NPs and to obtain
crystalline product, the amorphous white powder was calcined at 500 °C in a muftle

furnace at a ramp rate of 10 °C/min for 3 h.
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3.2.3. Synthesis of Cu-doped Black TiO:

bTiCuxO2 and undoped bTiO2 NPs in this thesis were synthesized via NaBHa
treatment of wTiCuxO2 and undoped wTiOz2 precursors. The reaction was performed using

a programmable single-zone tube furnace under Argon flow, as shown in Figure. 3.1.

Quartz Tube Reaction Boat Heating Element

Ar —-[I e
Gas

— —
Gas flow Qil Bubbler

Furnace Clamp

Figure 3.1. Tube furnace set up for NaBH4 reduction reactions.

The reagents (1.00 g TiO2 precursor and 0.375 g NaBHas solid powder) were
thoroughly ground for 5 min in a mortar and pestle to obtain a homogenous mixture. Then,
the mixture was transferred into an alumina reaction boat and was placed in a quartz
furnace tube to withstand high temperature (300 °C). The ramp rate was 5 °C min! and
was then held at the 300 °C for 60 min. After cooling to room temperature, bTiO2 was
obtained. The reaction product was treated with 1.0 M HCl for 6 h with stirring at 400 rpm
to remove unreacted NaBH4 and decomposition salts. The final product was collected by
suction filtration and washed with 500 mL of distilled water, then dried overnight in an

oven at 100 °C. Figure 3.2 illustrates the process of bTiCuxO2 NPs formation.
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Figure 3.2. The process of NaBHa reduction to produce bTiCuxO2 NPs.

3.2.4. Materials Characterization

Powder XRD, SEM, TEM, HRTEM, XPS, and UV-vis analyses were performed
on the reaction products as discussed in Chapter 2. Particle size analysis was performed

on TEM images using the Image J software.

3.3. Results and Discussion

The powder XRD patterns of the undoped and TiCuxO2 NPs before annealing is
shown in Figure 3.3. It can be found that most of the diffraction peaks of the NPs are

ascribed to the anatase phase.
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Figure 3.3. Powder XRD patterns of undoped wTiO2 and wTiCuxO: catalysts before
annealing.

After annealing at 500 °C for 3 h, the anatase peaks is more obvious, as shown
in Figure 3.4. The diffraction peaks located at 25.3°, 37.1°, 37.85°, 38.8°, 48.1°, 54.1°,
55.2°,62.8°,69.3°, 70.4°, and 75.3° correspond to (101), (103), (004), (112), (200), (105),
(211), (204), (215), (220), and (215) crystal planes, respectively. All the peaks are related
to the anatase phase (JCPDS 21-1272) of TiO2. Metallic Cu or Cu-compound phases were
not observed in the XRD patterns, which indicates that the Cu ions were uniformly
distributed within the NPs. At the concentrations investigated, incorporation of Cu did not

significantly alter TiOz crystal structure as no shifts were observed in the diffraction peaks.
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Figure 3.4. Powder XRD patterns of undoped bTiO2 and wTiCuxO:2 catalysts after
annealing.

Hydrogenation also did not result in significant structural changes as the patterns

remained identical to wTiOz in the powder XRD analysis (Figure.3.5).
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Figure 3.5. Powder XRD patterns of undoped bTiO2 and bTiCuxOz2 catalysts after NaBH4
treatment.

The SEM images of undoped TiO2 and TiCuxO2 NPs are shown in Figure 3.6.
The resolution of the SEM was not high enough to determine the size of the NPs but were
found to be aggregated and roughly spherical in shape. Significant charging was also
observed likely due to low conductivity of TiO2 samples which caused further blurriness

in the images.
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Figure 3.6. SEM images of undoped TiO2 and TiCuxOz samples.
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TEM analysis was performed to further understand the morphology and size of
TiO2 NPs. The TEM image of wTiO2 and wTiCuxO2 NPs revealed aggregates of
polyhedron particles, as shown in Figure 3.7. The distribution of particle size was obtained
by measuring the individual diameters of ~100 particles from the representative TEM
images. The undoped wTiO2 NPs had an average size of 18 nm. The average size for
wTiCuxO2 NPs at 1 and 100 ppm where similar to undoped TiO2 NPs but increased to 27
and 34 nm at Cu concentrations of 1000 and 10,000 ppm, respectively. The polydispersity
index of the NPs that shows their size distribution increased from 0.038 to 0.072 nm with
increasing Cu concentration. A slight increase in the average particle size was observed
after the conversion of wTiOz to bTiO2 as shown in Figure 3.8. The particles were also
found be more elongated in shape. The undoped bTiO:2 and particles with 1 and 100 ppm
Cu had an average size of 20 nm. The particles with 1000 and 10,000 ppm Cu had an
average size of 30 and 39 nm, respectively. The increase in particle size is likely due to

high temperature used in bTiO2 synthesis that can lead to sintering.
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In order to understand the Cu distribution information of the samples (100 and
10,000 ppm wTiCuxO2 and bTiCuxO2), HAADF in STEM mode with the corresponding
elemental mapping has been employed. The particles were dropcast onto a Ni grid to avoid
contamination from Cu grid typically used in electron microscopy experiments. At 100
ppm Cu-doping, a uniform distribution of Cu was observed in both wTiO2 and bTiO2
indicating that Cu atoms are homogenously incorporated within the TiO: crystal structure.
At 10,000 ppm, clusters of Cu regions throughout the particles were observed in wTiOx.
These clusters grew to create heterogeneously distributed 1— 4 nm CuO NPs within bTiO2
sample. This indicates that with increasing concentration of Cu, the distribution becomes
heterogeneous possibly forming CuO grains.?!'® After the high temperature treatment for
bTiO2 formation, these domains grow to form nanoscale CuO grains. Based on the powder
XRD results, these Cu regions are amorphous as no crystalline peaks corresponding to
them were observed in the diffraction patterns. Interestingly, when Cu distribution is
homogenous as seen in 100 ppm doped sample, the high temperature annealing does not

result in formation of Cu rich regions and maintains uniform distribution.
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Figure 3.9. HAADF images and elemental maps of 100 and 10,000 ppm wTiCuxO2 and
bTiCuxO2 NPs samples.

X-ray photoelectron spectroscopy (XPS) analysis was performed on the
undoped TiO2, wTiCuxO2 and bTiCuxO2 nanostructures to understand their surface

chemistry. The high-resolution Ti 2p spectrum for different TiO2 materials is shown in
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Figure 3.10. The major components of the spectrum are Ti*" 2p3» peak with maximum
between 458.5 and 458.9 eV and Ti*" 2pi2 peak with maximum between the binding
energies of 464.2 and 464.6 eV. With increasing amount of Cu doping in wTiOz, an
increase in Ti** species was also observed. The Ti** 2p32 and 2p1/2 peak maxima were at
457.2 and 462.4 eV, respectively. Since there is a difference in charge between Cu** and
Ti*" ions, doping of Cu generates OVs in the lattice of TiO2 to maintain the charge
neutrality.?!*?!* With increasing amount of Cu, a corresponding increase in OVs and Ti**
concentration in the crystal structure is expected. All the bTiO2 samples except for the
catalyst with 10,000 ppm Cu doping showed a higher amount of Ti*" compared to its
wTiOz counterpart. This is expected as NaBH4 treatment results in the reduction of surface
Ti*" ions to Ti**. It is currently unclear why the concentration to Ti** decreases in 10,000
ppm Cu-doped catalyst. One hypothesis is that the Cu ions leach out of the NPs during the
reduction process as evidenced by the fewer CuO regions in TiOz in the EDS map (Figure
3.9). Out diffusion of dopants from semiconductors during thermal annealing or post

synthesis processing has been observed previously.?!%-216
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Figure 3.10. High-resolution XPS spectra of Ti 2p region for TiO2 samples.
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The high-resolution spectrum of Cu region was also obtained for these samples
which is shown in Figure 3.11. For wTiO2 samples, at 1 and 100 ppm, no significant Cu
peak was observed. A low intensity peak was seen at 1000 ppm, but a proper signal was
obtained at 10,000 ppm doping. For bTiO2 samples, no significant Cu peak was observed

further suggesting out diffusion of Cu ions during the reduction process.
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Figure 3.11. High-resolution XPS spectra of Cu 2p region for TiO2 samples.




The optical properties of the TiO: catalysts were analyzed using diffuse
reflectance spectroscopy recorded in absorbance mode as shown in Figure 3.12 and
Figure 3.13. The light absorption characteristics of the undoped TiO2 and 1 ppm Cu
containing TiO2 catalysts were very similar to each other. At 100 ppm Cu-doping, a slight
redshift in absorption was observed for wTiOz. This is due to the introduction of mid-gap
states from Cu?" ions and OVs which lower the optical gap of the material. For the 1000
and 10,000 ppm Cu-doped samples, a broad absorption band between 400 and 700 nm was
observed. This likely results from the amorphous CuO which has been shown to absorb in
this region.?!>2!8 All of the bTiO2 samples showed strong absorption in the visible region.

This is predominantly due to the mid-gap states from the OVs in the reduced samples.!*
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Figure 3.12. Absorbance spectra of undoped wTiO2 and wTiCuxO2 samples.
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All of the bTiO2 samples showed strong absorption in the visible region. This is

predominantly due to the mid-gap states from the OVs in the reduced samples.'%

[====10,000 ppm bTiCu 0O,
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[====100 ppm bTiCu O,
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|—— Undoped bTiO,
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bTiO, 1ppm — 10,000 ppm bTi(Cu),0,

Figure 3.13. Absorbance spectra of undoped bTiO2 and bTiCuxO2 samples.

The optical gaps of the catalysts were estimated using Tauc plots (Figure 3.14).
For the wTiO2 sample series, an optical gap of 3.22 eV was estimated for undoped TiO2
and 1 ppm Cu-doped catalyst whereas the gap decreased to 3.0 eV for the 100 ppm Cu-
doped sample. While a much smaller values of 2.37 and 1.41 eV was obtained for the 1000
and 10,000 ppm Cu-doped catalysts, it is important to highlight that the Tauc plot estimates
for composite materials are inaccurate due to overlapping absorption from two different
materials (i.e., TiO2 and CuO in this case). The bTiO2 samples had much lower optical gap

compared to their unreduced counterparts. Undoped TiO2 and 1 ppm bTiCuxO2 had an
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optical gap of 1.50 eV whereas the 100, 1000, and 10,000 ppm Cu-doped sample gaps
were 1.49, 1.47, and 1.43 eV, respectively. While these gaps are similar to each other, it is
possible that some of the absortion at higher Cu-doping results from CuO similar to wTiO2
samples. The extent of the CuO absorption might be lower in bTiO2 due to out diffusion

of Cu ions during the reduction process.
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Figure 3.14. Tauc plots of undoped and TiCuxO2 samples.
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3.4. Conclusion

Varying amounts of Cu-doped into TiO: catalysts were prepared using the

solvothermal approach. These catalysts where further converted to hydrogenated TiO2 via

NaBHz4 treatment. The materials were characterized using powder XRD, SEM, TEM, XPS,

EDS, and UV-vis spectrometer. Based on the characterization results discussed above, we

hypothesize following structural features for different TiO2 catalysts:

The 1 ppm TiCuxO2 NPs either does not contain any Cu or very low amounts of

dopant making it structurally quite similar to the undoped TiOz catalysts.

The 100 ppm TiCuxOz2 catalysts likely contain uniformly distributed Cu ions within
the TiO2 lattice, making it a true metal doped catalyst. The metal adds mid-gap
states which redshifted the absorption edge and lowered the optical gap compared

to the undoped samples.

At Cu-doping concentrations of >1000 ppm, a composite material containing
TiO2/CuO or TiCuxO2/CuO is obtained. Instead of uniform distribution of Cu ions
within the TiOz lattice, phase segregation occurs to form amorphous CuO domains
within the TiO2 NPs. This is reflected in the absorption profile which shows broad
absorbance between 400 — 800 nm from CuO. During the reduction to form
bTiCuxO2 NPs, out diffusion of Cu ions occurs to the surface of the NPs. During
the HCI treatment, the Cu is likely etched away thus lowering the overall Cu
content in the bTiO2 samples as supported by the XPS results. The HAADF
analysis (Figure 3.15) also showed pits in the 10,000 ppm bTiCuxO2 sample which

likely forms from the removal of CuO domains that migrated to the surface.
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10, 000 ppm wTi(Cu),O, 10, 000 ppm bTi(Cu), 0O,

Figure 3.15. HAADF images of 10,000 ppm wTiCuxO2 and bTiCuxO2 NPs. The
highlighted regions show the etch pits likely formed from the removal of CuO.

Further, EDS mapping also showed growth of CuO domains after the reduction
reaction. The overall transformation of the structure is summarized in Figure 3.16 below.
The results in this chapter are important to understand the photocatalytic and antibacterial

performance of these catalysts discussed in Chapters 4 and 5.
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Figure 3.16. Schematic representation of structural transformation occurring in TiCuxO2
catalysts during the synthesis process.

74



CHAPTER 4. Photocatalytic Activity of Copper-doped Titanium Dioxide
and Dye Degradation Mechanism

4.1. Introduction

As discussed in Chapter 3, various Cu-doped wTiO2 and bTiO2 were synthesized
for photocatalytic dye degradation. The metal doping and hydrogenation are expected to
(1) enhance the visible-light absorption and (2) reduce recombination of charge carriers
on the interface which together can enhance the photocatalytic activity. In this chapter, the
photocatalytic Rhodamine B (RhB) dye degradation using all the different TiO2 NPs is
discussed. In addition, a possible degradation mechanism and the type and amount of ROS
was also explored and discussed here. Scavenger experiments investigated the key species
that impact dye degradation reaction. The stability of the catalysts was investigated by a

recycling experiment with five cycles under the same reaction condition.

4.1.1. Rhodamine B

Rhodamine B (RhB) is a type of coloured organic dye which is highly water-
soluble and commonly used in the fabric manufacturing industries, as water tracers,
fluorescent probes, in food packages, etc.?!” The molecular weight of RhB is 479.02 g
mol ! and has an absorption maximum at ~554 nm.??° The IUPAC name of RhB is known
as N-[9-(ortho-carboxyphenyl)-6-(diethylamino)-3H-xanthen-3-yli-dene] diethyl

),2! which is a derivative of xanthene.??! The dye is carcinogenic and

ammonium chloride
poses a health threat to humans and wildlife by contaminating aquatic organisms or

systems.??? The conventional water treatment techniques such as sedimentation, filtration,

and aeration can remove some RhB dye by phase transformation from the water, but the
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dye cannot be effectively degraded.?*?

If the dye is not completely removed, the residuals
and by-products are toxic and can easily cause secondary contamination.??* These troubles

offer an opportunity for scientists who can find more excellent technologies for enhancing

the quality of the water treatment before the dye enters the aquatic environment.

4.1.2. The Photocatalytic Mechanism for Dye Degradation

Photocatalytic degradation is an efficient tool that utilizes solar energy and a
semiconductor photocatalyst to decompose both atmospheric and aquatic organic
contaminants.”>* When a photocatalyst is illuminated with light of appropriate energy,
excited electron-hole pairs are formed that migrate to participate in redox reactions on the
surface of the catalyst. The final products generated after photocatalytic organic molecule
degradation are water and carbon dioxide.?”>*’ The degradation mechanisms can be
classified into two categories: direct reaction (photolysis and photosensitization process)

and indirect reaction (photoexcitation, water ionosorption, and oxygen ionosorption).>?3
Direct Reaction of Dye Photodegradation

RhB dye is a small molecule and can be easily adsorbed into the surface structure
of the photocatalytic semiconductor by a physical process,?? including intermolecular and
dispersion forces.”*® When RhB dye is adsorbed into the photocatalyst, is acts as a
sensitizer and allows the catalyst to absorb light in the visible range and make the

degradation process possible under visible wavelength (A > 400 nm) excitation.?!
hv + Dye — Dyeads™ Eq. 4.1

Dyeads™® + semiconductor —Dyeads + semiconductor” Eq. 4.2
y y q
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where ads stands for adsorbed dye.

As shown in Eq. 4.1 and Eq. 4.2, during visible light irradiation, the RhB dye is
excited and injects an electron into the semiconductor resulting in an oxidized cation
(Dye™).2*2 The cation may further react with surrounding molecules such as water to form
other reactive species resulting in further degradation. The rate of degradation by dye

photosensitization is typically slower compared to ROS and the process is summarized in

1 231,232

Figure 4.

Dye™*
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Time
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Figure 4.1. Dye photosensitization (electron-transfer) process: (A) adsorbed RhB* injects
an electron into the CB of the semiconductor, and RhB dye is converted to the reactive
cation RhB+" and (B) RhB dye degradation rate via photosensitization process.?’!

The Indirect Degradation Mechanism of RhB Dye via Photocatalytic Reactions
Photoexcitation

When a photocatalyst absorbs light of energy higher than its optical gap,

electrons and holes are generated. These electron and holes can then be directly transferred
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to the dye molecules adsorbed onto the catalyst surface and cause dye degradation as

presented by the Eq. 4.3 and Eq. 4.4.233
Dye + h*ve — oxidation products Eq. 4.3
Dye + e cB — reduction products Eq. 4.4
Water lonosorption

In this process, the holes at VB react with surrounding water to produce *OH
(Eq.4.5).%** The «OH generated on the surface of the semiconductor are strongly oxidizing
species that is highly active in decomposing RhB dye (Eq. 4.6).2* The extent of

degradation relies on the stability level and concentration of *OH species.?*
h've +H20ads— Hads" + *OHads (+1.99 V vs. NHE) Eq. 4.5
Dye + *OHads — CO, + H,O Eq. 4.6
Oxygen lonosorption

The electrons in the CB can react with surrounding oxygen to generate
superoxide ions (02) (Eq. 4.7).%” The O2" can take part in the further reaction with holes
to generate singlet oxygen ('02) (Eq. 4.8).2*® 02" and 'Oz are active ROS for improving
RhB dye degradation (Eq. 4.9).23! It is argued that O2"~ and 'O are not the direct ROS to
degrade RhB and in actuality these radicals are protonated in water to form *OH species

that participate in RhB dye degradation,228-234235:239.240

e cBt O2ads = O27 (—0.18 V vs. NHE) Eq. 4.7

02" +h've— 102 Eq. 4.8
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Dye + '02+ 02"+ «OH — COz + H20 Eq. 4.9

Therefore, the photocatalytic dye degradation depends on, 1) amount of light
absorption by the catalysts, 2) the concentration and rate of electron-hole generation, 3)
electron-hole pair recombination, and 4) the adsorption of RhB dye, oxygen, and water
molecules on the surface of the photocatalyst. Increasing the lifetime of ROS have a
positive effect on dye decomposition. The overall photocatalytic dye degradation process
is presented in Figure. 4.2. More than one ROS species can be responsible for the reaction

which will show a synergistic response.”*!

»
- X100 --——
. Oxidation e -
Dye 02._ - 102 ‘E P -~
Ly = /
Y = /
& —» H,0+CO, 2
T L e - = I
J Decomposition =
® |
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| : |
*OH a >
Dye Time
H,0
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Figure 4.2. (A) photocatalytic degradation reactions of dyes and (B) its mimetic
degradation rate.
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4.2. Experimental Methods

4. 2.1. Materials

Rhodamine B (RhB, 95%), 1,4-benziquinone (BQ), sodium azide (NaNj,

99.5%), ammonium oxalate monohydrate (AO, 99.5%), potassium bromate (KBrOs,
99.8%) were purchased from Sigma Aldrich. Methanol (95%) was purchased from VWR
International Ltd. All reagents were used as received without further purification. Nano-
pure water was obtained from a Thermo Scientific Barnstead Ultrapure Water Purification

System.

4..2.2. Material Synthesis

All of nanomaterials were prepared as discussed in section 3.2

4. 2.3. Materials Characterization

Powder XRD, SEM, TEM, HRTEM, XPS, and UV-vis were performed as

Chapter 2 discussed as in Chapter 3.

4.2.4. Experimental Method
Photocatalytic Degradation Experiment

The degradation of RhB aqueous solution was monitored to evaluate the
photocatalytic performance of different samples. The mixture included RhB (0.005 mg/mL,
20 mL) and TiOz2 catalyst (20 mg) were irradiated with a 1000 W LED lamp equipped with

a UV cut-off filter (A>400nm). The light intensity was 100 mW cm for simulating one
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sun, which was measured by PM100USB Power detector with standard photodiode sensor.
The mixture was stirred at 400 rpm for 30 min in a dark environment to reach the
adsorption equilibrium. An initial concentration of RhB was measured before the
adsorption process, which was used to identify the dye adsorption ability of the catalyst.
The total irradiation time was 2 hours, and the experiments were performed at room
temperature. 0.4 mL of the reaction mixture was taken at regular intervals of 20 minutes,
and the supernatant was collected by centrifuging at 3900 rpm for 10 min. The absorbance
of supernatants was analyzed by the absorbance program of FLUOstar Omega Microplate
Reader. Unless stated otherwise, all RhB dye absorbance measurements were performed
in a 96-well plate. The concentration of RhB dye was calculated using a standard curve

(Eq. 4.10)
A =0.1543C-0.000013 (R? = 0.9994) Eq. 4.10

where A was the absorbance of suspension and C was the concentration of RhB dye in

mg/mL.

The final removal efficiency of the photocatalyst was calculated as follows (Eq. 4.11):

C=Cy/Co Eq. 4.11

where Co is the initial concentration of RhB, and C: is the concentration of RhB at different

irradiation times.

The kinetics of the photodegradation processes was described by a pseudo-first-order

kinetic model as follows (Eq. 4.12):

In(Co/C) = kt Eq. 4.12
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where k is the rate constant, and t is the irradiation time.

All photodegradation tests were repeated in triplicate to identify the
reproducibility and accuracy of the results, which were found to be within acceptable limits
(<1%). Blank groups were performed in the absence of the catalysts under light irradiation.

The schematic of the experiment setup is shown in Figure. 4.3.

Light Irradiation
Broadband LED Source

- T

Glass Centrifuge 96-well Plate Plate Reader
Slide
Petri Dish
Mixture Ilumination Intensity = 100 mW/cm

Figure 4.3. The schematic representation of the experimental setup for photocatalytic
degradation experiments using TiCuxO2 NPs.

Mechanism Studies

In addition to screening the different photocatalysts, a series of tests were
performed to investigate the mechanism pathway driving the photocatalysis. This was
performed by adding scavenger agents that extract certain reactive species from the
solution. The scavenger tests were conducted under the same experimental condition as
mentioned above. If the RhB dye removal efficiency of photocatalysts decreases

considerably with specific scavengers, it would be considered that this is associated with
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the removal of ROS responsible for the photodegradation of RhB. The amounts of different

scavenger reagents used in these studies are tabulated below.

Table 4.1. Amounts of different scavengers added to the photocatalysis reactions to trap
specific ROS.

Scavenger Amounts Reactive Species Trapped
Methanol 200 mM *OH
AO 10 mM Hole
BQ 0.1 mM 02"
NaN; 200 mM '02
KBroO; 5 mM Electron
Reusability Experiment

To investigate the reusability of 100 ppm bTiCuxO2 NPs, the NPs were carefully
collected after completing the first degradation measurements, and it was separated by
centrifugation (4000 rpm for 8 min). It was subsequently washed with ethanol and water
until the supernatant had no absorption from previous dye solution. It was then dried in a
convection oven for the second experiment in fresh rhodamine B solution. These steps

were repeated for each cycle and the catalyst was tested for five cycles.

Solar Light-induced Rhodamine Degradation

To investigate the photocatalytic activity of 100 ppm bTiCuxO2 NPs under
natural solar light, the degradation experiments were carried out in a Petri dish between

11:00 and 15:00 on November 25th (winter season) at 46.1° North and 60.1° W (Cape
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Breton, Nova Scotia, Canada). The solar light intensity was between 10 and 16 mW cm™
as measured using a PM100USB Power plus Energy Sensor. Except for the irradiation

time and intensity, another experimental condition was the same as mentioned above.

4.3. Result and Discussion

4.3.1. The Photocatalytic Performance of Various TiO2 NPs for Dye Degradation.

The photocatalytic performance of all TiCuxO2 NPs catalysts was assessed by
the degradation of RhB dye. For the comparison study, the photocatalytic performance of
undoped TiO2 catalysts was also performed under the same experimental conditions. A
controlled study in the absence of a catalyst suggested that RhB dye was stable under
visible light (Figure 4.4 and 4.5, khaki plot). All the synthesized catalysts underwent 30
min of adsorption equilibrium process in a dark environment. A very small reduction in

concentration was observed in the presence of all catalysts due to adsorption on process.
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Figure 4.4. Photocatalytic degradation performance of wTiCuxO2 NPs.

Among the non-hydrogenated TiO: catalysts (Figure 4.4), 100 ppm wTiCuxO2
catalyst showed the highest activity with most of the RhB degraded by 80 min of
illumination (blue plot). This is followed by 1000 ppm wTiCuxOz2 catalyst (green plot).
The undoped wTiOz2 (red plot) and 1 ppm wTiCuxO: catalyst (black plot) had very similar
photocatalytic activity. This is expected as the composition and structure analysis
discussed in Chapter 3, showed these materials to be quite similar to each other.
Surprisingly, 10,000 ppm wTiCuxO2 catalyst showed the lowest photocatalytic activity

(purple plot). These observations suggest that it is important to have a uniform distribution
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of Cu ions in the NPs for high photocatalytic activity. Electron microscopy showed this to
be true to 100 ppm wTiCuxO2 sample. As the Cu dopant concentration increases, CuO
grains start to form. Despite high light absorption by 1000 and 10,000 ppm wTiCuxO2
samples, these showed lower activity. It is possible that the CuO grains themselves absorb
light and the carriers generated in this material recombine at the CuO/TiOz2 interface and
do not make it to the catalyst surface.’*> The hybrid morphology of TiO2/CuO is
detrimental for photocatalytic dye degradation experiments and very high Cu

concentration led to performances lower than undoped TiO2 samples.

For the hydrogenated TiO:z catalysts (Figure 4.5), 100 ppm bTiCuxOz catalyst
still showed the highest activity (blue plot). In fact, it had better activity compared to its
non-hydrogenated form with 99% of the RhB degraded by 60 min of illumination. This is
likely due to the higher light absorption and Ti*" defects in bTiCuxO2 catalyst. Similar to
the non-hydrogenated catalysts, undoped bTiO2 catalyst (red plot) and 1 ppm bTiCuxO2
catalyst (black plot) had similar activities due to similar structure and composition. The
1000 ppm bTiCuxOz2 catalyst performed worse then the undoped samples (red plot). This
is likely due to the loss of Cu ions during the hydrogenation step. For the hydrogenated
sample, 10,000 ppm bTiCuxOz2 catalyst (purple plot) had the lowest activity, though it
performed better than its wTiCuxO2 counterpart. The improved activity could be due to

introduction of Ti** defect sites on the surface.
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Figure 4.5. Photocatalytic degradation performance of bTiCuxO2 NPs.

Figure 4.6 shows the pseudo-first-order kinetic plots for the photocatalytic
degradation of RhB. Both the 100 ppm wTiCuxO2 and bTiCuxOz2 catalysts had 2-3 times
higher rate than the 10,000 ppm wTiCuxOz catalyst. These results clearly illustrate that a
lower and uniform Cu dopant is better for visible-light-driven photocatalyst for the

degradation of coloured dye pollutants.
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Figure 4.6. The photodegradation kinetics of wTiCuxO2 and bTiCuxO2 NPs.

The ability to recycle these catalysts was evaluated using the 100 ppm bTiCuxO2
catalysts. The activity of this catalysts over five cycles are presented in Figure 4.7. The
activity of 100 ppm bTiCuxO2 catalyst was constant up to 95% of its original activity after
five successive photodegradation experiments. A slight decrease in the photodegradation
performance during the recycling experiment likely results from the catalyst loss from the

washing and centrifuge process.
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Figure 4.7. Recyclability of the 100 ppm bTiCuxO2 catalyst for degradation of RhB dye.

The catalysts were analysed after the recyclability experiments to evaluate any
morphological and structural changes. The TEM analysis (Figure 4.8) of the initial and

reused 100 ppm bTiCuxO2 catalyst showed no change in their morphological.

Before Recycling Experiment After Recycling Experiment

Figure 4.8. TEM images of 100 ppm bTiCuxOz2 catalyst before and after the recycling
experiment.
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The powder XRD patterns (Figure 4.9) of 100 ppm bTiCuxO: catalyst also did
not change before and after the recycling experiment which confirms its structural stability.

Thus, the synthesized 100 ppm bTiCuxO: catalyst not only has high photocatalytic activity

but also high stability.
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Figure 4.9. The powder XRD patterns of initial and reused 100 ppm bTiCuxOz2 catalyst.

While good photocatalytic activity was observed with simulated light in the lab,
it is important to demonstrate the utilization of these materials in natural sunlight. The dye
by itself did not show any appreciable dye degradation under natural sunlight in 4 h. The
100 ppm bTiCuxO2 catalyst showed ~100% degradation after 4 h in natural sunlight
(Figure 4.10). This is slower compared to the simulated light used in the lab; however,
this is due to the difference in light intensity. The simulated light had an intensity of 100

mW cm? whereas natural sunlight intensity varied between 10-16 mW cm™. Despite the
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slower rates, this shows the promise of utilization of sunlight to drive dye degradation
using these catalysts. The illumination intensity can be enhanced by using lens to

concentrate the light.
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Figure 4.10 Degradation of RhB dye with 100 ppm bTiCuxOz catalyst and RhB dye in the
presence of sunlight irradiation.

4.3.2 Photocatalytic Mechanism of Dye Degradation

To understand the mechanism of photocatalytic degradation, scavenger tests
were conducted for probing the most critical reactive species involved in the
photodegradation process. The mechanistic investigations were performed using the 100
ppm wTiCuxO2 and bTiCuxO2 catalysts under visible-light irradiation. Different
scavengers such as methanol, BQ, AO, KBrO3, and NaN3 were introduced into the reaction

system for trapping *OH, hole, O2", electron, and 'O2, respectively.
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Figure 4.11. The photocatalytic activity of 100 ppm wTiCuxO2 catalysts in the presence
of methanol, AO, BQ, NaNs, and KBrOs.

As shown in Figure 4.11, the photodegradation efficiency of RhB with
wTiCuxOz catalyst decreased the most in the presence of O2" scavengers (BQ) and hole

scavengers (AO). This indicates that these are the dominant species involved in the
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degradation. Decrease in photocatalytic activity was also observed with methanol,
indicating that *OH species also contribute to RhB dye photodegradation reactions but to
a lesser extent than O2" and holes. In the presence of KBrOs and NaNs, no change in
photodegradation performance was observed, indicating that electrons and 'O2 were not
crucial species to degrade RhB. The surface Cu ions can accept an electron from the CB
of TiO2 and assist in the formation of O2" species which degrades RhB dye (Figure
4.12)."71%8 The holes left in the VB of TiO2 participate in the formation *OH species which
can decompose dye. Since 100 ppm Cu-doped sample has higher distribution of isolated
Cu ion species that can act as electron acceptors, it likely has enhanced photocatalytic

activity.

WwTi(Cu),0, + hv — wTi(Cu),0, (h* + ¢)

wTi(Cu),0, (h*+e) — Cu (ecp) + TiO, (h*yg)
—» H0+CO, Cu?+ e — Cu*
Degradation

Cu*+ 0,— 0,

H,O0 +h*— «OH + H*

‘OH, h*, 0,"+ Dye — CO,+ H,0

Photocatalyst

Figure 4.12. The schematic representation of photocatalytic mechanism of RhB dye
degradation.

Similar to wTiCuxOz catalyst, mechanistic investigations were also performed

using 100 ppm bTiCuxOz2 catalyst and the results are shown in Figure 4.13. Similar to the
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wTiCuxO2 catalyst, no significant decrease in catalytic activity was observed in the
presence of KBrOs and NaN3 for the hydrogenated catalyst. However, surprisingly no
significant change to degradation was observed in the presence of methanol (*OH
scavengers). Further, small suppression of degradation was observed BQ (O2" scavenger)
and AO (hole scavengers). These results indicate that the ROS generation is not the major
degradation pathway in bTiCuxOz2 catalyst, and the mechanism differs from wTiCuxO2
catalyst. XPS spectra showed that a higher concentration of Ti** and OVs are present in
100 ppm bTiCuxO2 catalyst compared to the non-hydrogenated counterpart. Ti** and OVs
are critical surface defects for facilitating the adsorption of the dye molecules. The
dominant degradation mechanism is likely from the direct transfer of charge carriers to

surface adsorbed dye molecules.
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Figure 4.13. The photocatalytic activity of 100 ppm bTiCuxO2 catalysts in the presence of
methanol, AO, BQ, NaN3, and KBrOs.
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4.4. Conclusion

In summary, the catalysts screening showed that 100 ppm wTiCuxO2 and
bTiCuxO:2 catalysts were the best performing among all the TiO2 materials. Despite high
light absorption, 1000 and 10,000 ppm wTiCuxO2 samples had poor activity. This indicates
that high light absorption is not the dominant factor in enhancing photocatalytic activity
in these materials. It is also important to have more uniform atomic distribution of Cu ions
within the TiO2 particle. ROS species O2" and *OH and holes were found to be significant
for dye degradation in wTiCuxO2 catalysts. However, for bTiCuxO: catalyst, the surface
defects were found to facilitate the adsorption of dye onto the catalysts and direct transfer
of carries to the dye molecules from the catalyst results in degradation. The catalysts were

found to be stable over multiple cycles and showed degradation in natural sunlight.
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CHAPTER 5. Antibacterial Properties of Copper-doped Titanium
Dioxide Catalysts

5.1. Introduction

In addition to degradation of organic molecules such as dyes discussed in
Chapter 4, TiO2 NPs are also capable of inactivating pathogenic microorganisms such as
bacteria and viruses. This can be achieved through multiple pathways in involving charge
carriers (electron and holes) and/or ROS species, similar to the dye degradation. However,
the lifetime of the ROS is short and requires its continuous formation during photocatalytic
reaction for maintaining optimum antibacterial efficiency.?*® Inhibition of electron-hole
recombination and improvement of water and Oz adsorption ability on the TiO: surface is
the most common method for increasing the yield of ROS and the antimicrobial
activity.”**>*7 Studies have been published previously that have pointed out that Cu based
compounds have a superior antibacterial performance.**®2>* In this chapter, the

antibacterial performance of undoped TiO2 and TiCuxO2 NPs using E. coli was explored.

5.1.1. Factors modify in Antibacterial Efficiency

E. coli are the main species in the fecal coliform group, which is a very harmful
pathogens, and its presence is usually considered an effective probe of water fecal
contamination.?**?>> The antibacterial interaction process is very complex between TiO>
photocatalyst and tested microbes which involves factors such as direct contact, bacteria
oxidative stress, and ROS attack are crucially important for understanding the mechanism

of antibacterial activity of photocatalyst. 2%

A Direct Contact Process for Bringing Antibacterial Species to Cell Structure
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E. coli are gram-negative bacteria which are increasingly becoming pathogen of
concern due to their drug resistance.?*® E. coli consist of an outer cell membrane, an inner
membrane, chromosomal DNA, and plasmid.?*® The outer layer of the cell membrane can
be the initial site of reaction with the TiO2 photocatalyst. The cell membrane of gram-
negative bacteria has two lipid membranes with an intermediate peptidoglycan layer with

the outer membrane rich in negatively charged lipopolysaccharides (LPS).2%°

LPS located on the outside of the cell wall are mainly responsible for protecting
the cell from chemical attacks.?> This layer is made of fatty acids and is very sensitive to
ROS driven lipid peroxidation reactions that can disrupt this layer (Figure 5.1 (1)).%°!
Furthermore, the LPS layer allows cations and anions through porins to the periplasm.?¢?
Na' and K" pass through the porins to maintain cell osmotic pressure at the rate 10° ions
per channel per second,?%? which can introduce ROS in the cell structure at the same time
(Figure 5.1 (2)).%%° For enhancing the electron-hole separation, TiO: is usually modified
by metal or metal compounds. Metal ions with a positive charge can leach from the
photocatalyst and easily attach to the LPS layer by electrostatic force and travel through
porins resulting in cell disruption (Figure 5.1 (3)).>*® The rupture process of the
phospholipid layer depends on the morphology and surface roughness of the nanomaterials.
During the extrusion and friction process, this bilayer suffers from an opposing force from
nanomaterials and causes it to destroy the bilayer mechanically.?®®> The shape of nanorod
and nanofibers with a tiny size can be helpful in breaking.?** Furthermore, the pore size of
the peptidoglycan layer is 2 nm, which can allow ROS species to pass.?®®> After ROS

penetrates the cell membrane by different pathways, the active species move forward to

damage DNA and plasmid.
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Figure 5.1. Cell membrane structural composition and proposed mechanism in the gram-
negative bacteria including, (1) reaction of ROS with LPS, (2) transport of ROS into the
cell during Na“ and K" ion conduction, and (3) metal ions such as Cu ions passing through
porins.

Oxidative Stress Response in E. coli

ROS are critical components implicated in oxidative disruption of protein, DNA,
and lipid molecules of E. coli.* It is also formed in a wide range of biochemical and
physiological processes.?®® Aerobic bacteria intake molecular oxygen for maintaining
normal respiration or oxidizing the nutrients to obtain energy.2°>?%” During this process,
the cell produces ROS such as hydrogen peroxide (H202), *OH and O2" that are by-
products of oxygen.?®” When a cell endures from an external stimulus such as high light

intensity.?’ 2% UV or ionizing radiation, it causes oxidative stress that increases the
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concentration of ROS to a concentration higher than what a living cell can defend.?”
Visible light in the blue region (400 and 480 nm) can also cause oxidative stress in E.

coli.”"!

The Production of ROS from Photocatalytic Disinfection Process on E. coli

The photocatalytic disinfection efficiency of TiO2 mainly depends on the
amount of ROS generation.?’? The electrons and holes generated after the photoexcitation
process can react with oxygen and water molecules to generate a subset of free radicals
that are derived from molecular oxygen.?”* Bacteria have protective proteins to counter
ROS damage.?’* However, with ROS accumulation, the bacterial will undergo cell death
due to continuously ROS stimulated biochemical reactions.?’>?*® Many studies have
reported that TiO2 photocatalysts can form ROS, including *OH, Oz and 'Oz during the
UV irradiation process.”®! The ROS generation process and the equation are similar to the
photodegradation process in Chapter 4, section 4.1.2. These types of ROS can cause dye

degradation and also oxidative stress to E. coli cells.*®?

*OH is a strong oxidant and most detrimental to pathogens.?”* This active species
generated in the VB can attack almost all the parts of bacteria, including cell membrane,
ribosomes and DNA, by bonding and reacting with the lipid, protein, of some essential
ions from these structures.?®3?** However, *OH has the shortest lifetime of approximately
107 seconds and diffusion length (can only diffuse in the cell near the species within five
molecular diameters (~ 0.5 pm).?8>2% This disinfection by *OH may be limited by mass

transfer through the cell wall or cell membrane. 2’ Compared to *OH, O2~ have a

relatively longer lifetime of approximately 107® seconds.?®3>?*® Due to 02~ having a
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negative charge, they will be rejected by the LPS on the outside of the cell, thus preventing
direct damage to inner cell structures. O2" is not a stable radical and can further oxidize
with holes or *OH to generate '02.28%° 10, radicals can oxidate membrane or lipid,
resulting in damage to the membrane structure.’®*! Because E. coli have no
corresponding antioxidation enzymes for 'Oz, the cell is more sensitive and selective for
02 damage.?? Another advantage is that 'Oz has a longer lifetime of 3-5 us and a longer

diffusion pathlength of 1 um.?”

5.2. Experimental Methods

Escherichia coli, O157:H7 strains (E. coli), Luria Bertani (LB) broth, Tryptic
soy (TS) agar, sodium chloride (NaCl, 99%), ethylenediaminetetraacetic acid (EDTA),
copper chloride (CuClz, 98%), hydrogen peroxide solution (30%), dimethyl sulfoxide
(DMSO0), 3,3’,5,5 -tetramethylbenzidine (TMB), 2-(N-Morpholino), ethanesulfonic acid,
and 4-morpholineethanesulfonic acid (MES) monohydrate were purchased from Sigma
Aldrich. 0.5 Polymer McFarland Standard was purchased from Thermo Fisher Scientific.
Ethanol (90%) and hydrochloric acid (HCI, 37%) solutions were purchased from Fisher
Scientific. All reagents were used as received without further purification. Nano-pure
water was obtained from a Thermo Scientific Barnstead Ultrapure Water Purification

System.

5.2.1. Material Synthesis

All TiCuxO2 nanomaterials were prepared as discussed in section 3.2
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5.2.2. Photocatalytic Antibacterial Experiment

E. coli strains were maintained with a weekly subculture on TS agar medium.
Before the antibacterial experiment, E. coli were aerobically incubated at 37 £ 0.1 °C for
24 h in the LB broth. E. coli from the overnight culture were harvested by centrifugation
at 3500 rpm for 5 min. The E. coli was then resuspended in saline solution (0.85%, pH=7)
and again centrifuged at 3500 rpm for 5 min to obtain pure strains. Finally, E. coli was
resuspended in saline solution. The turbidity of E. coli cell suspension was measured at
600 nm using a FLUOstar Omega Microplate Reader and adjusted to an optical density of

OD600=0.1, which corresponded to approximately 8x107 colony-forming units per

millilitre (CFU/mL).
Broadband LED
Self-designed
Temperature — y-d
System :
i é Glass Filter
— Water Bath
—_—

Figure 5.2. The schematic diagram of the photocatalytic antibacterial experimental set up.

The schematic diagram of the antibacterial experiment reactor is shown in
Figure 5.2. A 200 mL Pyrex® crystallizing dish was used as the reaction vessel. First,

197.5 mL of sterilized saline (0.85%, pH=7) was added to the beaker. Then, 200 mg of the
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catalyst and 2.5 mL of the E. coli solution were added to the crystallizing dish successively.
The final concentration of the catalyst and microorganisms were 1 mg/mL and 1x10° CFU
/mL, respectively. The mixture was placed on a magnetic stirrer to keep the catalyst well
dispersed during the experiment. The total irradiation time was 3 h. The mixture was

irradiated with a 1000W LED lamp equipped with a UV cut-off filter (A\>>400nm). The

light intensity was 100 mW cm™ and measured by a PM100USB Power Detector with
Standard Photodiode Sensors. The whole system was performed in Purifier Logic+ Class
I1, Type A2 biosafety cabinets. The experiments were performed at room temperature and
neutral pH. The solution temperature was measured by a self-designed temperature system,
which maintained it between 25 and 28 °C during whole experiment. After the crystallizing
dish was placed on the magnetic stirrer and the LED was switched on, the sample solution
(30 uL) was collected at 20 min intervals and spread uniformly on the TS agar plate. Finally,
the plates were incubated at 37 °C for 24 h. The antibacterial efficiency was evaluated by
counting the E. coli colonies on the plate. The existence of bacteria was calculated using

Chick’s model:

E=log No - logNt= - log (Nt/ No) Eq. 5.1

where E is the antibacterial efficiency, t is the irradiation time, No represents the initial

number of colonies, and Nt represents the number of E. coli in each time interval.

Each experiment was conducted in triplicates to obtain the mean and standard
error. All the samples were treated for microorganism assay. All equipment was sterilized

in autoclaved at 121 °C for 30 min before testing.
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5.2.3. The Effect of Cu Species on Photocatalytic Antibacterial Performance

2 mM EDTA was added to the photocatalytic antibacterial system to inhibit Cu
redox activity. This test was conducted under the same antibacterial experimental
condition as mentioned above. If the antibacterial efficiency of photocatalysts were
decreased considerably with this chelating agent, it would be considered that Cu species

was mainly responsible for the antibacterial activity.

5.2.4. Detection of Cu ions Leaching in the Aquatic Condition by Colorimetric Assay

CuCl: standard solutions with different concentrations (10, 5, 2.5, 1.25, 0.625,
0.313, and 0.165 uM) were added to the MES buffer (10 mM, pH = 5.5). After incubating
for 10 min, TMB (500 uM), NaCl (100 mM) and H202 (100 mM) were added to it. The
TMB catalysts in the presence of CI™ and H20:2 produce blue oxidized products. The
absorbance of the blue products at 652 nm was monitored after 30 min using FLUOstar
Omega Microplate Reader. To relate the level of Cu ions in the NaCI-TMB-H202 system
to the absorbance of the blue oxidized products, a calibration curve of Cu ions
concentration vs absorbance was elaborated. The standard curve presented a linear

regression equation (Eq. 5.2) and a coefficient of determination (R?) of 0.9955.
A =0.2563C+0.1912 Eq.5.2

where A is the absorbance of blue products and C is the concentration of Cu ions in 1

mg/mL.

Cu ions in 10,000 ppm wTiCuxO2 NPs were measured using the standard
addition method. The prepared NPs (200 mg) were dispersed in nanopure water (200 mL)
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and sonicated for 30 min. The NPs were filtered through a 0.45 uM Teflon filter before
analysis. The prepared Cu ions solution was added to the NaCl-TMB-H20: system. The
absorbance of the blue products at 652 nm was monitored after 30 min using FLUOstar
Omega Microplate Reader. The concentration of Cu ions was measured by the above

calibration curve. All experiments were performed at room temperature in triplicate.

5.2.5. The Antibacterial Effects of Cu Species in Matrix and Surface of TiO:

The excess and unstable amount of copper species in 10,000 ppm wTiCuxO2
NPs was removed by HCI treatment. After calcination, 10,000 ppm Cu-doped wTiCuxO2
catalyst (1000 mg) was added to an aqueous HCI solution (200 mL, 1 M) and stirred at
400 rpm for 10 h at room temperature. After the treatment, the stable Cu species in TiO2
matrix remained while the unstable species were removed. The final NPs were collected
by suction filtration and washed with 500 mL of distilled water, then dried overnight in an

oven at 100 °C.

5.2.6. Materials Characterization

Powder XRD, SEM, TEM, HRTEM, XPS, and UV-vis were performed as

discussed as in Chapters 2 and 3.

5.3. Result and Discussion

The effect of Cu doping on the antibacterial activity against E. coli was studied
using both wTiOz and bTiO2 NPs under visible light and dark conditions. Under the dark
conditions (Figure 5.3), no antibacterial activity was observed for any of the TiO2 NPs

indicating the antibacterial activity only occured under illumination.
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Figure 5.3. Antibacterial performance of white and black TiO: catalysts in the dark with
varying Cu doping concentration.

Figure 5.4 shows antibacterial properties of the TiO2 catalysts under
illumination. Undoped wTiO2 and 1 ppm wTiCuxO2 NPs showed minimum antibacterial
activity. This is likely due to low visible light absorption, increased charge recombination,
or low concentration of ROS production or combination of these. Increasing the Cu
concentration, showed higher disinfection under light irradiation. The 1000 ppm
wTiCuxOz catalyst exhibited a 1.24-log reduction of viable bacteria after 180 min under
visible light irradiation. However, the 100 ppm wTiCuxO2 NPs had a higher activity with
2.75 log reduction of bacteria despite lower Cu amounts. As shown in the RhB dye
degradation experiments, this catalyst generated ROS species which likely cause oxidative
stress in bacteria. It is possible for 1000 ppm sample to have a lower ROS concentration
but enough Cu ions to observe some antibacterial activity. Among all the catalysts, the

10,000 ppm wTiCuxO: catalyst showed the highest antibacterial activity despite its low
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photocatalytic dye degradation performance. After 60 min irradiation, the E. coli can be
removed 99.99% using the 10,000 ppm wTiCuxO2 catalyst. Another thing to note is the
decrease in survivability of microorganisms without any photocatalyst. This likely occurs
due to the high light intensity resulting in the increased amount of ROS from E. coli to a
level over the cell defence capacity. The inhibition of E. coli was almost zero under
irradiation with undoped wTiOz and 1 ppm TiCuxO: catalysts because the NPs can adsorb

on the E. coli surface and minimize the direct light absorbed by the microorganisms.

7 No catalyst
[~%— Undoped wTiO,
%=1 ppm wTi(Cu),0,
6+ =~ 100 ppm WTi(Cu),0,
=@~ 1000 ppm WTi(Cu),0,
|- 10,000 ppm WTHCu),0,
5 4 L - = =
G
z
%
2 31
2 4
14
0 = T 1T
0 20 40 60 80 100 120 140 160 180
Time (min)
10,000 ppm wTi(Cu),0,

0 20 40 60 80 100 120 140 160 180
(min)

Figure 5.4. Antibacterial performance of undoped wTiO2 and wTiCuxOz2 catalysts under
illumination with varying Cu doping concentration.
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Figure 5.5 shows the antibacterial performance of all black catalysts. These
catalysts did not show any significant antibacterial activity despite the high RhB
degradation capacity seen in Chapter 4. The low disinfection activity can be ascribed to
the low ROS amount generated during the photocatalytic process demonstrated with
scavenger experiments and loss of Cu ions during the hydrogenation as discussed in
Chapters 3 and 4. The photocatalytic dye degradation efficiency of black catalysts mainly
depended on the active sites composed of Ti** defects and OVs that allowed the adsorption
of dye and were not associated with ROS.?** Bacterial cells do not have the proper

anchoring groups to bind to these defects.

(i~ No catalyst

{~&— Undoped bTiO,

= 1 ppm bTi(Cu) O,
6qla- 100 ppm bTi(Cu),0;
(=@~ 1000 ppm bTi(Cu),0,
(=~ 10,000 ppm bTiCu),0,

Time (min)

10,000 ppm bTi(Cu),0,

0 20 40 60 80 100 120 140
(min)

Sy

160 180

Figure 5.5. Antibacterial performance of undoped bTiO2 and bTiCuxO2 catalysts under
illumination with varying Cu doping concentration.
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As the dye degradation experiments already demonstrated poor activity for
10,000 ppm wTiCuxO:2 catalyst, ROS is not likely the dominant mechanism for the
antibacterial activity. However, the high concentration of Cu ions can either leach out of
the NPs and into the cell leading to bacterial cell death or participate in secondary reactions
that can have deleterious effect on cells. To test the role of Cu ions, chelating agent was
added to the reaction where it can bind to the metal ions and prevent it from participating
in the antimicrobial reactions. EDTA is a type of metal chelator that can efficiently chelate
Cu?* ions on the surface of TiO2 NPs.?** The different Cu species have various capacities
for the inhibition of E. coli. EDTA chelator is an indicator to identify which Cu species is
responsible for antibacterial performance. As shown in Figure 5.6, adding EDTA
significantly altered the antibacterial performance, essentially rendering the catalyst
ineffective. This suggests that the Cu?* ions are responsible for the high antibacterial

activity observed in 10,000 ppm wTiCuxO2 NPs.

7 The Absence of EDTA

—=— EDTA
—4— 10,000 ppm wTi(Cu),0,
6 | |~®— EDTA+10,000 ppm wTi(Cu),0,

0 20 40 60 80 100 120 140 160 180
44 (min)

34 The Presence of EDTA

0 20 40 60 80 100 120 140 160 180
0 - S - (min)
o 2'0 4‘0 6'0 8‘0 1 (')0 150 11I1() 1(‘30 180

Time (min)

Figure 5.6. The antibacterial performance of 10,000 ppm Cu wTiCuxO2 NPs in the
presence and absence of EDTA.
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Since the 10,000 ppm wTiCuxO:2 catalyst cannot inactivate E. coli in a dark
environment, it was inferred that Cu®" is not the direct species leading to cell death. E. coli
is an aerobic bacteria and ROS, including H2Oz, is released as metabolites through
autoxidation of redox enzymes®”> under irradiation.?*®*” The Cu?" ions and H202 can
undergo Fenton-like reactions to generate *OOH (Eq. 5.3).?°® «<OOH is also a type of ROS
which can damage bacterial cell or further react with surrounding Oz to form H20:2 (Eq.
5.4).” In addition, TiO2 can be excited under irradiation to form election-hole pairs (Eq.
5.5).803% The electrons can react with Cu?" to form Cu® (Eq. 5.6), which also can be toxic
species to bacteria cells or further react with excess H202 to form Cu?" and highly active

OH (Eq.5.7)%°

Cu2* +H202 — Cu’ + «O0H + H* (Eq. 5.3)
2 «OOH — H202 + O2 (Eq.5.4)
Cu-TiO2 + hv — ¢ cB+h'vs (Eq. 5.5)
Cu*'+e — Cu’ (Eq. 5.6)

Cu*+ Ha02 — Cu®* + «OH + OH™ (Eq. 5.7)

Therefore, two factors can probably cause the enhancement of photocatalytic
antibacterial reactions. One is the leaching of Cu ions from the NPs and reacting with H202
produced from oxidative stress to form more ROS and toxic Cu” ions (Eq. 5.3 and 5.4).
Another is due to the photocatalytic activity of TiO2 in combination with Cu ions to form
ROS and Cu*ions (Eq. 5.5 and 5.6). The role of free Cu?" ions was investigated using the

supernatant of 10,000 ppm wTiCuxO2 NPs and a Cu®* salt solution. As shown in Figure
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5.7, the supernatant of 10,000 ppm wTiCuxO2 catalyst showed lower antibacterial
performance compared to the original sample. The concentration of Cu®" ions in the
supernatant was determined to be around 3.7 uM as determined by the colorimetric assay
in the TMB-H202-NaCl system. CuCl: solution with a concentration of 10,000 mg/L,
corresponding to Cu synthesis concentration in 10,000 ppm wTiCuxO2 NPs was added to
the reaction. The rate of antibacterial activity is lower than 10,000 ppm wTiCuxO2 NPs but
higher than the supernatants of 10,000 ppm wTiCuxO2 NPs. It should be noted that the
final concentration of Cu ions in the wTiCuxO2 NPs is likely lower than 10,000 ppm. So,
despite the high concentration of CuClz solution, its activity is lower. This indicates that
the antibacterial activity is caused by a synergetic effect between H202 formation by cell
oxidative stress under a high-intensity light and the photocatalytic capacity of 10,000 ppm

wTiCuxO2 NPs not merely due to Cu?* ions leaching from NPs.?%
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—8— CuCly (Irradiation)

6 [—¥— Supernatant of 10,000 ppm wTi(Cu), 03
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Figure 5.7. The antibacterial performance in the presence of supernatant of 10,000 ppm
wTiCuxO2 NPs, pure CuCl:z solution, and 10,000 ppm wTiCuxO2 NPs.
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To investigate the role of Cu present inside the particle, the photocatalytic
antibacterial activity of HCI treated 10,000 ppm wTiCuxO2 NPs was investigated. As
presented in Figure 5.8, the HCl-treated catalyst showed a lower antibacterial performance,
and 99.99% E. coli removed by the HCl-treated catalyst took longer than 20 mins. The
HCI treatment likely removes surface CuO that participate in Fenton like reactions thus
slowing the rate. However, the CuO present inside the NPs still play a critical role

antibacterial efficiency.

7 10,000 ppm wTi(Cu),0,

[—#— Untreated 10,000 ppm wTi(Cu)yO3
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Figure 5.8. The antibacterial effect of 10,000 ppm wTiCuxO2 NPs before and after HCI1
treatment.

Typically, it is accepted that the TiO2 photocatalysts under light irradiation of a
suitable wavelength can generate electron-hole pairs causing redox reactions resulting in
the inactivation of harmful microbes. However, in this study, wTiCuxO2 catalyst exhibited
a more complex disinfection process. The antibacterial mechanism basically depends on

the concentration of Cu in TiOz. Firstly, with 100 ppm, wTiCuxO2, the enhancement of
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antibacterial activity is due to ROS formation. In Chapter 4, the type of ROS generated
from 100 ppm wTiCuxO2 NPs via scavenger test in RhB dye system were *OH and O2".
These ROS could disrupt proteins and lipids in the cell membrane and cell DNA resulting
in cell apoptosis in E. coli. However, the photocatalytic antibacterial performance of 1000
ppm wTiCuxO:2 catalyst was not obvious. It likely forms lower amounts of ROS (as
evidenced from lower RhB dye degradation activity) that do not exceed the level of
antioxidant defences of the bacteria. In addition, it could also have inefficient Cu?" ions
on the surface to promote Fenton-like reactions. The combination of these factors leads to

lower antimicrobial activity.

The high concentration of Cu doping in TiO:2 played a crucial role in
photocatalytic disinfection. During irradiation, 10,000 ppm wTiCuxO: catalyst reacts with
H202 from E. coli cell to form ROS such as *OOH and *OH by Fenton-like reactions
resulting in cell apoptosis. An excellent antibacterial performance was caused by the
synergistic action of new ROS, free Cu ions, and matrix Cu species. The possible

antibacterial process is summarized in Figure 5.9.

113



gsiceny wa
Cu-doped TiO, y ™
Photocatalyst L t (1) ROS Generation by Photocatalytic System
= L 4 ’aqfo.!\o
. oS L A A A oy 1, ",
° . Sty Ay, % %,
. S g, % 0y
d v-°z(.§" s 2 W, e 4
sS8
2 .° 2. a0
-+ R
SAMAAMMANALAL ( Cellular Components .* o
(e ) e 3 e 6 -
, 3 “T% >«
e TIPS capna o .*.".‘*- ‘.*’ (2) ROS Generation by Fenton-like Reaction
; s
E.coli * ROS Destruction of @ "‘“’\) b
o |7 ® ”®
D vembrane lo® + @) — cogt o+ J@f
© D
\\ — Deactivation of Cells s o e o
& —  (caB.

@

Figure 5.8 The possible mechanism of photocatalytic antibacterial activity

Figure 5.9. The possible mechanism of photocatalytic antibacterial activity with
wTiCuxO2 NPs.

5.4. Conclusion

In summary, the antibacterial activity of white and black TiO2 doped with Cu
was explored. The bTiCuxOz catalysts did not exhibit any disinfection performance due to
inadequate ROS generation during the photocatalytic process. For wTiCuxOz catalysts, the
highest activity was observed for 10,000 ppm wTiCuxO2 NPs. Mechanistic studies were
performed to understand the microbial growth inhibition pathways. It was determined that

the combination of light, free Cu?"ions, and ROS lead to synergistic antimicrobial activity.
g ynerg y
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CHAPTER 6. Conclusions and Future Work

6.1. Conclusions

This thesis focused on the synthesis and photocatalytic application of TiCuxO2
nanostructures. The solvothermal method was used to make undoped and 1, 100, 1000,
and 10,000 ppm wTiCuxO2 NPs. These concentrations of Cu were added to the synthesis
mixture in hope that they get completely incorporated within TiO2. However, the exact
concentration of Cu in these NPs needs to be determined in the future. This synthetic
method yielded anatase phase wTiO2 with particle sizes ranging between 18 to 34 nm. The
undoped and 1 ppm Cu-doped samples were found to be very similar to each other in size,
composition, crystallinity, and optical properties. The 100 ppm wTiCuxO2 catalyst showed
uniform distribution of Cu ions within the TiO: lattice based on HR-TEM, elemental
mapping, and optical properties. The 1000 and 10,000 ppm TiCuxO2 NPs exhibited phase
segregation that resulted in yCuO/TiCux-yO2 hybrid composite. Due to the formation of

CuO grains, these had much higher absorption in the visible region.

The various wTiO2 NPs were converted to hydrogenated bTiO2 samples by
reacting them with NaBHj4 at high temperatures. The hydride salt decomposes in-situ to
form H> that reacts with TiO2 and converts surface Ti*' ions to Ti*" and forms high
concentration of OVs. A slight increase in particle size was observed post NaBH4 treatment
which could be due to sintering. The optical properties showed absorption in the visible
region for all the samples. However, the magnitude of this absorption varied with Cu
doping. Similar to the white series, undoped bTiO2 and 1 ppm bTiCuxO2 samples had very

similar properties. Elemental mapping showed that the uniform distribution of Cu ions was
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retained post hydrogenation in the 100 ppm bTiCuxO2 NPs. Both 1000 and 10,000 ppm
bTiCuxO2 samples showed loss of surface Cu as determined from XPS studies. It is
hypothesized that the surface Cu ions undergo out diffusion during the thermal treatment
and are washed away during the HCl wash. Further, the elemental mapping analysis
performed on 10,000 ppm bTiCuxO2 catalyst showed that the CuO grains underwent

growth and formed fewer but larger CuO grains.

The photocatalytic degradation of RhB was explored with all the synthesized
catalysts. Among the non-hydrogenated samples, 100 ppm wTiCuxO2 catalyst performed
the best. Experiments performed with various scavengers showed that degradation
occurred due to ROS formation. The dominant ROS species responsible for RhB
degradation were found to be *OH, O2" and holes . Among the hydrogenated series, 100
ppm bTiCuxO2 catalyst was found to be the best performing. The degradation mechanism
was different for this sample, and it was found that ROS did not play a significant role. It
was hypothesized that the OVs and Ti** ions provided binding sites for RhB and the

degradation occurs through direct transfer of electron and holes to the dye molecule.

Photocatalytic antibacterial activity against E. coli was also explored with all the
synthesized catalysts. The undoped bTiO2 and all the bTiCuxO2 catalysts showed poor
antibacterial activity. Among the non-hydrogenated samples, 10,000 ppm wTiCuxO2
catalyst had the best antibacterial activity. The activity was found to be due to synergistic

effects of leached Cu?" ions, oxidative stress, and ROS formation by the catalyst.
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6.2. Future Work

6.2.1. Further Understanding of the Mechanism of Photocatalytic and Antibacterial

Activity

Further studies can be conducted to confirm the degradation mechanism of 100
ppm bTiCuxO:2 catalyst. Organic molecules that bind strongly to the defect states would
have higher degradation rates compared to the weakly coordinated ones. Future studies
exploring different organic substrates with varying adsorption abilities can help confirm
this mechanism. It should also focus on understanding the properties of these surface
defects, including the adsorption capacity, density, concentration, and charge trapping. In
Chapter 5, the antibacterial experiment found that 10,000 ppm wTiCuxO2 catalyst had the
best inhibition of E. coli growth. The doping concentration of catalyst in the experiment
was 10 mg/mL. The high dosage of catalyst will pose a difficulty for recycling and
sedimentation. The excessive free Cu ions released to the water system will pose a threat
to the aquatic environment and be hard to remove.’*! Therefore, in the future, the
antibacterial experiment could be repeated with different catalyst dosages to point out the
minimum inhibition concentration, which will be important to optimize the reaction

condition.

The EDTA experiment determined the Cu species possibly is crucial to kill the
E. coli, but EDTA also can be a hole scavenger.*? It is difficult to identify which one is
the most important species to impact E. coli growth, between ROS and Cu species, or the
antibacterial efficiency relies on synergistic effects via these two species. Future work aims
at finding out the type of ROS to identify which is the most toxic species to E. coli. In

addition, measuring the concentration of H202 from bacteria respiratory action will also
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be a good point to understand the photocatalytic activity of high Cu content on TiO2

surface.

6.2.2. Enhancement of Photocatalytic Antibacterial Activity

The photocatalytic disinfection kinetic has been studied for model bacteria E.
coli and also provided some insight into photocatalytic antibacterial mechanism in Chapter
5. As mentioned above, the precise mechanism was still debatable, but the role of produced
ROS and Cu toxicity is an essential step for microbial disinfection. The lifetime of ROS is
short. If the NPs are not very close and adhere to the bacteria surface, it is hard to achieve
cell inactivation via disruption of the LPS layer, cytoplasmic membrane and phospholipid
layer in the outer cell membrane resulting in decreasing antibacterial efficiency. The
adsorption capacity of NPs should be considered and detected for understanding the entry
pathway of NPs into the bacterial cell in the future. Many studies figured out the NPs
adhesion on the bacteria depend on non-specific and reversible physical adhesion. The
adhesion mainly depends on the surface physical properties of NPs, including surface
hydrophobicity, surface charge, surface charge potential, roughness, surface area, pore
structure and particle size.’*® Therefore, the photocatalytic activity can be tailored by
altering textural properties. Future work also aims to synthesizing fiber-like materials
based on wTiCuxO2 and bTiCuxO2 catalysts. A larger surface area can increase the light
absorption, surface photoredox reaction, bacteria adhesion, and disruption of the cell wall
structure. In addition, compared to NPs structures, fiber-like materials are easier to recycle
and sediment, which significantly promotes the industrial application for long-term

wastewater treatment.%*
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APPENDIX

The Experiment of Photocatalytic Dye Degradation

The Calibrition Curve of RhB
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Figure A. 1. The calibration curve for calculating RhB degradation concentration.

Cu ions Leaching Experiment

The Calibriation Curve of Cu Standards
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Figure A. 2. The calibration curve for calculating the concentration of Cu ions leaching.
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