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ABSTRACT

Au nanoclusters (Au NCs) exhibit intriguing size-dependent catalytic, electronic, and optical
properties. This thesis uncovers the pivotal role of Au NCs in enhancing the photocatalytic efficiency
of titanium dioxide (TiO2) through improved charge separation.

As the catalytic efficiency of these NCs is closely linked to their size, preventing Aug NCs'
agglomeration becomes essential to enhance catalytic activity, particularly following heat treatment
aimed at ligand removal. The study focuses on designing novel systems capable of adsorbing high
levels of ultra-small Aus NCs and preventing their agglomeration during deposition and annealing
processes.

The first approach to achieving this aim involves the preparation of mesoporous TiO2 (MTiO2)
with a high density of surface defects, a high specific surface area, and a 3D pore network. These
structures provide anchoring sites for the adsorption of Aug NCs, curbing their mobility and
suppressing the tendency to aggregate. Another strategy involves introducing functional groups on
the mesoporous TiO:2 surface through N or S functionalisation. These chemically modified MTiO2
surfaces can potentially establish a more robust bond between the Aus NCs and the MTiO: substrate,
preventing agglomeration.

Comprehensive characterisation techniques, including X-ray Diffraction (XRD), Fourier
Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy (SEM), X-ray
Photoelectron Spectroscopy (XPS), Near-edge X-ray absorption fine structure (NEXAFS), Energy-
Dispersive X-ray Spectroscopy (EDS), High-Resolution Transmission Electron Microscopy
(HRTEM), and Scanning Transmission Electron Microscopy (STEM), provide detailed insights into
the properties of the nanocomposites such as the phase type of TiO2, surface morphology and
chemistry, and elemental composition, as well as size and dispersity of the Aug NCs immobilised onto
the substrate surface.

A comprehensive investigation into the relative impacts of surface modification and
functionalisation strategies on enhancing the loading of Aus NCs while mitigating agglomeration is
conducted using XPS. Subsequently, the most promising photocatalyst system is identified, and an
in-depth analysis of its photocatalytic efficiency in the degradation of methyl orange dye is conducted.
Reaction parameters are systematically examined, and their interrelationships are established by
applying response surface methodology (RSM).

In this study, the deposition of Aus NCs onto S-functionalised mesoporous TiO2 (SMTiO2) is
studied to produce efficient photocatalysts. The SMTiOz substrates prevent the agglomeration of Auy
NCs and enhances the overall loading. Furthermore, nanocomposites of N-functionalised mesoporous

TiO2 (NMTiO2) embedded with Auy NCs are created using a chitosan-assisted soft templating

Vi



method. The study evaluates the influence of calcination atmosphere on substrate properties and the
adsorption of Aus NCs. The black NMTiO2 surfaces enhance loading and prevent agglomeration of
Aug NC even after heating, leading to improved photocatalytic effectiveness.

Transitioning to more sustainable industrial processes is crucial for addressing global
challenges. This study focuses on clean drinking water scarcity, specifically addressing hazardous
run-offs from chemical industries. Methyl orange (MO) dye, a common environmental pollutant, is
chosen as a model compound for studying photocatalytic degradation. The study emphasizes the
examination of diverse parameters affecting the degradation of MO dye and study their relationship
using Response Surface Methodology (RSM).

In conclusion, the abstract encapsulates the objectives, methodologies, and key findings of the
study, providing a comprehensive overview of the research conducted on Auy NCs and their role in
enhancing the photocatalytic efficiency of TiO2. In this comprehensive journey, our thesis elevates
the art of surface modification, where science and creativity come together, opening new possibilities

across various materials and systems.

Vil



DECLARATION

I certify that this thesis does not incorporate without acknowledgment any material previously
submitted for a degree or diploma in any university; and that to the best of my knowledge and belief
it does not contain any material previously published or written by another person except where due
reference is made in the text.

Signed...Anahita Motamedisade............ccovvreririininininiies
Date...04/12/2023.........c.covoeieeiieee e,

viii



ACKNOWLEDGEMENTS

First, I would like to express my gratitude to God who is everything to me. My faith in Him
gave me the motivation to keep working hard, and as a result, I was able to graduate. Life would be
difficult, and I would not have achieved anything without his kindness and support. He did never
forget me even when I had forgotten him sometimes during my hardships and challenges in my life.
He helped me a lot anywhere and everywhere I needed and wanted. Placing some kind,
knowledgeable, helpful, caring, and supportive people surrounded me had not have any reason other
than his kindness, love, blessing and support.

I am constantly on the lookout for a chance to express my gratitude to my main supervisor,
Professor Gunther G. Andersson. He is a devoted expert in the domains of surface and interface
analysis, spectroscopy, and the physical science of materials. Professor Andersson has been an
invaluable guide, helping me navigate the challenges in my research journey and enabling me to
achieve a modest yet significant breakthrough in the field. His support has extended to various aspects
of my academic and life pursuits. Moreover, he is a genuinely kind individual, possessing a wealth of
knowledge while maintaining a humble and unassuming demeanour, which has earned him the
respect of everyone he interacts with.

I would like to thank the panel of my thesis reviewer, Professors Claire Lenehan and Sarah
Harmer, who were so knowledgeable, kind and patient and motivated me with their always positive
attitude and helpful comments.

I would also like to really thank OGR, HDR progression team and coordinators, scholarship
office and all staff working at Flinders university because of being always supportive and kind to me.
I would like, from the bottom of my heart, to acknowledge Professor Colin Raston for fully supporting
me in working with his facilities like VFD without any expectations. I learned a lot from his character
about what the meaning of humanity is. It was a fantastic opportunity and a great experience for me
to work in his unforgettable laboratory environment among his supportive, helpful, and kind students
and researchers, particularly, Professor Amir Heydari, who is very expert in data analysis and always
supportive, patient, and passionate during our collaboration. Indeed, I may not have graduated if his
supportive presence, advice, and encouragement were not along with me. I always owe to Professor
Colin Raston and his fantastic research team.

I would also like to extend my appreciation to my associate mentor, Professor David A. Lewis.
He possesses a wealth of experience in the realm of organic materials, devices, and the process of
bringing innovations to the market.

I would also like to thank my associate supervisor in Wine Australia- Professor Paul Smith who

accepted my Winery wastewater treatment proposal as one of the Wine Australian award recipients.

iX



He was my always humble and expert mentor and gave me this opportunity to find my industry view.

I would also like to acknowledge Professor. Martin Johnston, who was knowledgeable, kind,
and helpful. Collaboration with him in one of my important projects, synthesis of Au nanoclusters,
was a great experience and a fantastic chance for me knowing him to benefit his knowledge.

I would also like to thank Yanting Yin, a post-doc in our group, who was an expert and
supportive person, and he kindly helped me a lot whenever and wherever I needed. Benjamin A.
Chambers who was so supportive and kind in our group and gave a systemic training on the equipment
and taught me how to be outstanding but such a humble. Alex Sibley helped me kindly on the
measurement of Scanning Microscopy and XRD. Liam helped me on XPS measurement when [ was
in hurry to get a result. I would like to thank them. All group members, Abdul, Amira, Anand, Ahlam,
Sunita and other colleagues, I really appreciate for your help and supports. Also, Colin’s group, was
really kind and supportive during working with them. you helped me a lot and I really appreciate it.

Great thanks to my Scholarships, (RTP) from Australian Government and Top-up scholarship
from Wine Australia. I would also thank to Australian Nanotechnology Network, ANNF, AMMRF
and Flinders Nano centre.

| owe my achievements to the unwavering support of my family, including my beautiful
daughter, Aylar Farizadeh, Mother, and siblings. Their contribution is immeasurable, and my
gratitude towards them knows no bounds. They showered me with unconditional love, constant
encouragement, and invaluable emotional support.

| am profoundly grateful to all those who extended their love, motivation, and assistance to me.
The years spent at Flinders University in Australia will forever hold a special place in my heart as

unforgettable memories in my life's journey.



PUBLICATIONS AND CONFERENCES

Published and Submitted Articles from 2019-2023
1-Both Tough and Soft Double Network Hydrogel Nanocomposite based on O-carboxymethyl

Chitosan / Poly (vinyl alcohol) and Graphene Oxide: A Promising Alternative for Tissue Engineering.
Ali Pourjavadi, Zahra Mazaheri Tehrani, Hamid Salimi, Farzad Seidi, Anahita Motamedi,
Amirhossein Amanzadi, Ehsan Zayerzadeh, Meisam Shabanian

Polymer Engineering & Science published:04 April 2020.

https://doi.org/10.1002/pen.25297

2-Sensitization of TiOz nanoarrays by a novel Palladium decorated Naphthalene diimide

functionalised graphene nanoribbons for enhanced photoelectrochemical water splitting

Hamed Esmaili, Elaheh Kowsari, Seeram Ramakrishna, Anahita Motamedisade and Gunther G.
Andersson.

Materials Today Chemistry, Volume 24, June 2022.

https://doi.org/10.1016/j.mtchem.2022.100900

3-Calcium alginate hydrogels reinforced with cellulose nanocrystals for methylene blue adsorption:

Synthesis, characterisation, and modelling.

Soraya Soleimani, Amir Heydari, Moslem Heydari, Moslem Fattahi, Anahita Motamedisade.
Industrial Crops and Products, Volume 192, February 2023.
https://doi.org/10.1016/j.indcrop.2022.115999

4- Aug Nanocluster Adsorption and Agglomeration Control through Sulfur Modification of

Mesoporous TiO2. (submitted)

Anahita Motamedisade, Martin Johnston, Amjad E.H. Alotaibi, Gunther Andersson

5- Highly Efficient Binding Aug Clusters to Chemically S-Modified Mesoporous TiO2: Study of
Photocatalytic Degradation of Methyl Orange Dye by Response Surface Methodology. (submitted)
Anahita Motamedisade, Amir Heydari, D. J. Osborn, Abdulrahman S. Alotabi, Gunther Andersson
6- Enhanced Photocatalytic Degradation of Methyl Orange Using Nitrogen-Functionalised
Mesoporous TiO2 Decorated with Aug Nanoclusters. (submitted)

Anahita Motamedisade, Martin Johnston, Amir Heydari, Yanting Yin, Abdulrahman S. Alotabi,

Gunther Andersson.

Xi


https://doi.org/10.1002/pen.25297
https://doi.org/10.1016/j.mtchem.2022.100900
https://doi.org/10.1016/j.indcrop.2022.115999

Conference Oral Presentations:

1-Australian Colloids and Interface Society Conference ,2021, University of South Australia,
Adelaide

2-Pacifichem 2021, International Chemical Congress of Pacific Basin Societies, USA, Hawaiian
December 16 — 21, 2021.

3-33rd Australian Colloid and Surface Science Student Conference -31 January 2022

4- International Summit on Nanotechnology and Nanomaterials, ISNN 2023, 10-11 August, London,
UK.

5-12th Asian Photochemistry Conference- Melbourne, 27 November-1 December 2023.
Conference Poster Presentations:

6-HDR Student Conference, 2019, Flinders University

7-Doc fest poster presentation 2020- Flinders University -Best poster award

8-AlIP Publishing Horizons — Applied Physis Reviews - Energy Storage and Conversion, July 2021.
9-17" Conference of International Association of Colloid and Interface Scientists (IACIS 2022)" -
26-30 June 2022, Brisbane, Queensland

10-Nano institute poster presentation- Flinders University-2023

xii



ABBREVIATION LIST OF CHEMICALS AND SYMBOLS

MPTMS
MTiO>
EISA

SMTIO2
NMTiO2
Au

Si
Pt
Al

NCs
NPs
FTO
P123

Ar
VFD
uv
MO
Hg
CCD
RSM
TiO2
N2
02
Cat
Deg
LM
CB

3-mercaptopropyltrimethoxysilane
Mesoporous TiO2
Evaporation-Induced Self-
Assembly method

S functionalised mesoporous TiO2
N functionalised mesoporous TiO2
Gold

Nitrogen

Sulphur

Silicon

Platinum

Aluminium

Carbon

Nanoclusters

Nanoparticles

Fluorine-doped Tin Oxide

Poly (ethylene glycol)-block-poly
(propylene glycol)-block-poly
(ethylene glycol)

Argon

Vortex Fluidic Device
Ultraviolet

Methyl Orange

Mercury

Central composite design
Response surface methodology
Titanium dioxide

Nitrogen gas

Oxygen gas

Catalyst

Degradation

Light microscopy

Conduction Band

MO C.
XPS
SEM
EDS
STEM

BJH

BET

-

eV

TGA
XRD
FTIR
NEXAFS

EXAFS

Mg
Co

Cu
FWHM
UHV
XP
XAS
UHV
XP
AS
DOS
EBSD
FIB
FE
Nm

Xiii

Methyl orange concentration
X-Ray photoelectron spectroscopy
Scanning electron microscopy
Energy-dispersive X-ray spectroscopy
Scanning transmission electron
microscopy

Organic Light-emitting diode
Brunauer, Emmett and Teller
Transmittance

Electron volt

Thermal gravimetric analysis
X-ray powder diffraction
Fourier transform infrared.
Near-edge X-ray absorption fine
structure

Extended X-ray absorption fine
structure

Magnesium

Cobalt

Cooper

Full Width Half Maximum
Ultra-High Vacuum

X-Ray photoelectron

X-ray absorption spectroscopy
Time of Flight

Ultra-High Vacuum

Australian Synchrotron

Density of states

Electron backscatter diffraction
Focused ion beam

Field emission

Nanometres

Hours



VB
LUMO

HOMO

Evs
Ecs
3D
Ti

TEM
HAADF
BF

ADF
HRTEM

Mo
ATR

Valence Band

Ml

Lowest Unoccupied Molecular G

Orbit

Min

Highest  Occupied  Molecular PPM

Orbital

Conduction Band Energy
Valence Band Energy
Conduction Band Energy
Three-dimensional

Titanium

Oxygen

Transmission Electron Microscope
High Angle Annular Dark Field
Bright field

Annular dark field
High-resolution transmission
electron microscope
Molybdenum

Attenuated total reflection.

Mg
RPM
AOP
IUPAC

ANOVA
HPLC

ESI-TOF
MS

CO2

H20

Xiv

Millilitre

Gram

Minutes

Parts per million

Milligram

Revolutions per minute
Advanced oxidation processes
International Union of Pure and
Applied Chemistry

Analysis of Variance
Ultra-High Performance Liquid
Chromatography

Electrospray lonisation-Time of Flight
Mass Spectrometry

Carbon dioxide

Water



LIST OF FIGURES

Figure 1.1.Various tyPes OF AYESL ......ccue ettt esreeneenes 2
Figure 1.2. Schematic illustration of semiconductor photocatalyst activated by photogenerated
ElECLIONS NG NOIES?. ...ttt ettt bbb e bbb r e s 5
Figure 1.3. Crystalline Tetragonal structures of rutile, anatase and brookite TiO2 NPs (spheres:
red—Oz2, grey—Ti). Based on Baranowska-WojCik et al®l. ... 8
Figure 1.4. Schematic illustration of photocatalytic degradation mechanism of methyl orange using
L1 7 TSRS SPPRSR 9
Figure 1.5. Illlustration of two methods for preparation of the mesoporous structures a) Soft template
method and b) Hard template Method93............cooviiiii e 14

Figure 2.1. Representative examples of S-functionalized and N-functionalized mesoporous TiOz2..39

Figure 2.2. An illustration of a method for making S-functionalized mesoporous TiO2 using 3-
mercaptopropyltrimethoxysilane (MPTMS). ..o 41

Figure 2.3. (a) Aug initial solution in methanol (b) white and (c) black NMTiOz2 suspension in Aug
solution before deposition; Aug solution after deposition process for (d) white NMTiO2 (e) black
NIMTHO2 SUDSIIALES. ... ettt bbbt bbb e et e st sb e et e eneenbe et e 42

Figure 2.4. The operational concept of a photoemission spectrometer involves generating
monochromatic photons with energy hv by illuminating the sample surface at a specific angle vy

USING @ TIGNE SOUICES. ...ttt sttt ettt sttt ae st ese st be s stenas 45
Figure 2.5. Electron mean free Path®............oioiieieeeeeeee et 46
Figure 2.6. Image of the UHV apparatus at Flinders University containing equipment for XPS,
MIES, UPS and IPES and FTIR XPEIMENTS. ......cccveuiiieiieieiiesieesiesseesieenee e sseeeesseesseessesneessesssenns 49
Figure 3.1. Steps for response surface MethodologyS. ..........ccceiiiiiiiiireecieeee e 67
Figure 4.1. 3P NMR of Aug(PPhs)s(NOz)3 a) in CDClz b) in CD30D c) combination of CDCls in

(01 5 T I SRS 84
Figure 4.2. 3'P NMR of a) AuPPhs(Cl) b) AuPPh3(NO3z) ¢) Aug(PPh3)s(NO3)s.........c.cueveirrererennnes 85
Figure 4.3. UV-Vis spectra of prepared Aug cluster and reference sample............cccocooiiiiiiinienenn 86
Figure 4.4. Molecular ion peak for the [AUI(PPO3)8]3 ......coviiriiiiiecceeeeeeeee e 87

Figure 5.1. AugNCs/SMTiO2 nanocomposites preparation procedure using screen printing and
modification of the MTiO2 surface by (3-mercaptopropyl) trimethoxysilane (MPTMS) and Aug

NANOCIUSTET (AUY INCS). ...ttt bbb bbbt e bbbttt 92
Figure 5.2. IR spectra of (a) MPTMS (b) SMTiO2z and (C) MTIOZ.........cccooviieieieieieneeeeeeeens 95
Figure 5.3. SEM images of (a) MTiOz2 film (b) SMTiO2 film, and EDS analysis of (c) SMTiOz2 film
............................................................................................................................................................ 96
Figure 5.4. TG analysis of 8) MTiO2, D) SMTIO2 .......ccoiiiiiiiiieie e 97
Figure 5.5. XRD patterns of (a) MTiO2 Film and (b) SMTiO2 Film .......cccccoeviiiiiiiiiiieneiece e 97
Figure 5.6. XPS survey of Aug NCS/SMTiO2 NANOCOMPOSITES .......c.erververiiriiiiieieie e 98
Figure 5.7. Investigation of Au9 nanoclusters a) binding energies and b) ratios ............cc.ccecveevenn. 100
Figure 5.8. XPS High resolution of Au4f after deposition process of Au9 NCs on (a) MTiO: film

(b) SMTIO:z2 film and after annealing process of (c) Aus/MTiOz2 (d) Aug/SMTIOz2 films................ 101
Figure 6.1. AugNCs/SMTiO2 nanocomposites preparation ProCeadUre ...........ccevvereereereeresseereenens 108



Figure 6.2. IR spectra of the (a) MPTMS, (b)MTiOz2, and (C) SMTiO2. .....cccevvererireneniiinieienns 113
Figure 6.3. XRD patterns (Co Ko radiation) of (a) SMTiOz and (b)) MTiO2 .....ccccceveviiiiinininnn, 115
Figure 6.4. SEM images of (a) MTiO2 and (D) SMTiO2 ......ccccoveiiiiiieee e 115

Figure 6.5. NEXAFS spectra at the Ti L-edge recorded on Amorphous TiO2, Anatase TiO2, Rutile
TiO2, MTiO2, and SMTiO2 (a) NEXAFS spectra at the S K-edge recorded on cysteine as a

reference, and SMTIO2 SAMPIE (). .o.veiveiiiiiiieee e 117
Figure 6.6. Investigation of changes in amount of the elements after heating and sputtering......... 118
Figure 6.7. XPS survey of Aug NCS/SMTiO2 NANOCOMPOSITES .......cuevververiirieieieiesiesiesiesieereeeenens 118
Figure 6.8. Investigation of Aug nanoclusters a) binding energies and b) ratios ...........ccc.ccoecveenee. 121

Figure 6.9. HRTEM images of Au9 deposited on photocatalyst substrates before and after heating to
remove ligands from Aus. Image a) Aus on MTiOz2 before heating, b) Aus on MTiO2 after heating,
c) Aug on SMTIO2 before heating, and d) Aus on SMTiO: after heating. The...........ccccovvvvviiennne. 123

Figure 6.10. (a) MO dye degradation efficiency and (b) kinetic assessment of the reaction based on -
In (C/Co) over time using Aug NCs/SMTiO2 nanocomposites, SMTiOz and UV. ...........cccovenneee. 124

Figure 6.11. Perturbation plot of each process factor (A: MO concentration, B: catalyst amount, and
O {111 TSSOSO 127

Figure 6.12. 3D response surface plots of dye degradation rate in terms of (a) MO dye concentration
(ppm) and catalyst amount (mg) (b) reaction time (min) and MO dye concentration (ppm), and (c)
catalyst amount (mg) and reaction time (IMIN). .......c.ooviieiieie e 130

Figure 6.13. High resolution XPS analysis of Auyg NCs after dye degradation reaction. ................ 131
Figure 6.14.(S1) NEXAFS spectra at the S L-edge Cysteine as a reference, and SMTiO2 sample. 132

Figure 6.15. (S2) High resolution XPS of Au4f in (a) Aug NCs/MTiOz and (b) Aug NCs/SMTiO2
nanocomposites after annealing treatment to remove the ligands. ........ccccoceviviiiiienciic e 133

Figure 6.16. (S3) HAADF frames from EDS mapping of MTiO: after deposition of Aug clusters
showing migration of Au during the scanning of the scanning of the electron beam across the
surface. The sample was not heated to remove the ligands on the Aug clusters. ...........ccccvvvevenene. 133

Figure 6.17. (S4) Integrated spectrum from EDS mapping of MTiO2 after deposition of Au9
clusters showing the presence of Au, Ti, and O. The sample was not heated to remove the ligands
ON TN AU CIUSTEIS. ...ttt b ettt sttt e b e bt et b e beenbesneenbeas 134

Figure 6.18. (S5) HAADF image of MTiO2 after deposition of Aug clusters showing measurements
of some of the Au nanoclusters. The sample was not heated to remove the ligands on the Aug
CHUSTEIS. ettt ettt b b bbb R e st e s e b e bbb e bt b e n e b et et et e b et e neen s 134

Figure 6.19. (S6) EDS maps of MTiO: after deposition of Au9 clusters after heating to remove
ligands showing presence Of O, Ti, N0 AU. ..oviiiiiieiiiieiiecee et 135

Figure 6.20. (S7) HAADF frames from EDS mapping of MTiO2 after deposition of Au9 clusters
and heating to remove ligands showing very little migration of Au during the scanning of the
scanning of the electron beam across the SUITACE. .........cccii e 135

Figure 6.21. (S8) HAADF image of MTiO:2 after deposition of Aug clusters and heating to remove
ligands showing measurements of some of the Au NanoCIUSEErS. ...........cooeiiereiiinence 136

Figure 6.22. (S9) HAADF frames from EDS mapping of SMTiO: after deposition of Aus clusters
showing migration of Au during the scanning of the scanning of the electron beam across the
surface. The sample was not heated to remove the ligands on the Aug clusters. ...........ccocvcvrvenene. 137

Figure 6.23. (S10) EDS maps of SMTiO:2 after deposition of Aug clusters showing presence of S, Ti,
and Au. The sample was not heated to remove the ligands on the Aug clusters. Note that significant
agglomeration of Au atoms has occurred due to interaction with the electron................cccceveenneee. 137


file:///C:/Users/User/OneDrive/Desktop/Chapter_1_and_2_and_3_and_4_and_5_and_6_and_7and_8_and_9_Figure.docx%23_Toc145907140
file:///C:/Users/User/OneDrive/Desktop/Chapter_1_and_2_and_3_and_4_and_5_and_6_and_7and_8_and_9_Figure.docx%23_Toc145907140
file:///C:/Users/User/OneDrive/Desktop/Chapter_1_and_2_and_3_and_4_and_5_and_6_and_7and_8_and_9_Figure.docx%23_Toc145907140

Figure 6.24. (S11) HAADF image of SMTiO2 after deposition of Au9 clusters showing
measurements of some of the Au nanoclusters. The sample was not heated to remove the ligands on
TNE AUG CIUSTEIS. ...ttt ettt e st e be e st e eneesbeenteeseeateenbesneenreas 138

Figure 6.25. (S12) HAADF frames from EDS mapping of SMTiO:2 after deposition of Aug clusters
and heating to remove ligands showing migration of Au during the scanning of the scanning of the
electron beam acroSs the SUIMTACE. ..o 139

Figure 6.26. (S13) EDS maps of SMTiO:2 after deposition of Aug clusters after heating to remove
ligands showing the presence of S, Ti, and Au. Note that significant agglomeration of Au atoms has

occurred due to interaction with the electron beam. ..o 139
Figure 6.27. (S14) HAADF image of SMTiO2 after deposition of Au9 clusters and heating to
remove ligands showing measurements of some of the Au NanoCIUSEers. ..........cccooevieeiereneeneene 140

Figure 6.28. (S15) HAADF images of Aus deposited on photocatalyst substrates before and after
heating to remove ligands from Au9. Image a) Aus on MTiO2 before heating, b) Aus on MTiO2

after heating, ¢) Au9 on SMTiOz2 before heating, and d) Aug on SMTIO: after heati ..................... 141
Figure 7.1. Synthesis procedure of NMTiO2 decorated by Aug NCS ........ccoeiiiiiiiiiiiiiieen, 149
Figure 7.2. FTIR spectrum of (a) black NMTiO2 (b) white NMTiO2 (c) P25 (d) Hybrid of TiO2 and

chitosan before calcination (8) ChItOSAN .........c.ccveiiiii i 152
Figure 7.3. Thermogravimetric analysis (TGA/DTG) of (a) white NMTiO: calcined in air with 2%

weight loss and (b) black NMTiOz2 calcined in Ar with 8.2% weight 10SS. .........cccoocviiiiiiniiiinnnnn, 153
Figure 7.4. Ti 2p L-edge NEXAFS spectra of (a) TiO2 references and (b) prepared samples. ....... 154
Figure 7.5. XRD patterns of the white and black NMTiO2 NanoStruCtures. ...........ccocoeervrerernennns 155
Figure 7.6. N K-edge NEXAFS spectra of white and black NMTiO2 substrates..............cccccvevenne. 156

Figure 7.7. N 1s XPS spectra of (a-c) black NMTiO2 and (a’-c’) white NMTiO2 in different
conditions; (a and a’) Before treatment, (b and b”) After heating treatment, and (c and ¢”) After

] L LLLC] €10 o TSP PSP PO PR PRPRPPRT 157
Figure 7.8. SEM images of (a) white NMTiOz, and (b) black NMTiO2 .......ccccooviiiiniiininiienn, 159
Figure 7.9. Investigation of Aug NCs a) binding energies and b) intensity ratios ..............cc.ceevenen. 161

Figure 7.10. (a) MO dye degradation efficiency and (b) MO dye degradation kinetic using black
NMTiO2@ Au9 NCs and white NMTiO2@ Aug NCs photocatalysts, their relevant substrates and

UV ONIY bbb bbb bbbt bbb bbbt 163
Figure 7.11. Perturbation plot of each process factor a) MO concentration, b) catalyst amount, and
(o) I ] 0 0 -SSP 165

Figure 7.12.3D response surface plots of dye degradation rate in terms of (a) MO dye concentration
(ppm) and catalyst amount (mg) (b) reaction time (min) and MO dye concentration (ppm), and (c)
catalyst amount (mg) and reaction time (IMIN). ........coeiioiieieee e 167

Figure 8.1. Reduction in methyl orange concentration over time due to different photocatalytic
)] (] 11 OO TP PP UPPTPPRR 178


file:///C:/Users/User/OneDrive/Desktop/Chapter_1_and_2_and_3_and_4_and_5_and_6_and_7and_8_and_9_Figure.docx%23_Toc145907143
file:///C:/Users/User/OneDrive/Desktop/Chapter_1_and_2_and_3_and_4_and_5_and_6_and_7and_8_and_9_Figure.docx%23_Toc145907143
file:///C:/Users/User/OneDrive/Desktop/Chapter_1_and_2_and_3_and_4_and_5_and_6_and_7and_8_and_9_Figure.docx%23_Toc145907143
file:///C:/Users/User/OneDrive/Desktop/Chapter_1_and_2_and_3_and_4_and_5_and_6_and_7and_8_and_9_Figure.docx%23_Toc145907144
file:///C:/Users/User/OneDrive/Desktop/Chapter_1_and_2_and_3_and_4_and_5_and_6_and_7and_8_and_9_Figure.docx%23_Toc145907144

LIST OF TABLES

Table 3-1.Experimental and coded levels of the selected factors. .........ccccccevvvevviiciiccci e 74
Table 3-2. Centre composite design with experimental and predicted responses ...........cccocevvvennne. 75
Table 4-1. Experimental 3'P NMR isotropic chemical shifts and SoIVeNts...........c.cccccevevevieenivennnen. 82
Table 4-2. Values of m/z, and intensity Au9 NCs fragments using high-resolution positive ESI-TOF
O T oLl (0] 11 (Y2 SS 87
Table 5-1. Mean crystallinity size (nm) and mean crystallinity index (%).......cccccvverveiirieniininiiennn, 98

Table 5-2. Assessment of binding energies and loading ratio of Aus NCs deposited on MTiO2 Film
and SMTIO2 Film after deposition and annealing. (HBP and LBP means non-agglomerated and

agglomerated CIUSEEr, FESPECLIVEIY)......cciiiiieiiieie e 99
Table 6-1. Experimental and coded levels of the selected factors. .........cccccovevieviveieiieiciccn e, 110
Table 6-2. Centre composite design with experimental and predicted reSponses ..........c.ccecvvevennen. 111
Table 6-3. BET and BJH Adsorption analysis from P25, MTiOz, and SMTiOz..........cccceeevveiunenenn 114
Table 6-4. Mean crystallite SIZ€ (NM) ....ooviiiiiiie e 114

Table 6-5. Study of binding energies and relative intensity of Aus NCs deposited on MTiO2 and
SMTIO: after deposition and annealing. (HBP and LBP means non-agglomerated and agglomerated

CIUSEErS, FESPECTIVEIY ...ttt e et e et esbe e teenneeseenteeeeaneenreas 120
Table 7-1. Experimental and coded levels of the selected factors. ..........cccccvvevieiiicic i, 150
Table 7-2. Centre composite design with experimental and predicted reSponses .........cc.cceceveeeens 150
Table 7-3. XPS C 1s and N 1s relatively intensity ratio in black NMTiOz, and white NMTiOz .... 157
Table 7-4. BET/BJH Adsorption analysis from P25, black NMTiO2, and white NMTiOx............. 158

Table 7-5. Assessment of binding energies and intensity ratio of Aus NCs deposited on white
NMTiO2 and black NMTiO2 nanoparticles after deposition and heating treatment to remove the
ligands. (HBP and LBP means non-agglomerated and agglomerated cluster, respectiv................. 160

Table 7-6. The MO degradation reaction constants for the prepared samples ...........cc.ccocvvcvrvenne. 162

Table 7-7. Analyse of variance results for the quadratic model and the significance of RSM model.
.......................................................................................................................................................... 164

Table 8-1. BET and BJH adsorption analysis for MTiO2, SMTiOz2, black NMTiOz, and white
N T ST 176

Table 8-2. Study of binding energies and relative intensity of Aug NCs deposited on MTiOz,
SMTIiOz, white NMTiO2@AusNCs, and Black NMTiO2@AusNCs after deposition and annealing.

(HBP and LBP mean non-agglomerated and agglomerated clusters, respectively) ............c..c....... 176
Table 8-3. Reaction constants of methyl orange dye degradation using different photocatalytic

RV ] (] 11O P PP PR TSP 178
Table 8-4. Advantages and disadvantages of two different substrates ............c.cccocvevevieiierniiennen, 179



CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

1.1. Background

1.1.1. Water pollution

The process of industrialisation up to the present day has produced many sources and classes
of environmental pollution, many of which adversely affect human health. This research has focused
on addressing the issue of water quality loss as one of the key factors of water risks. Chemical
pollution stands as the most prevalent form of water pollution, impacting both subterranean and
surface water sources. Dyes, heavy metals, and organic compounds such as polycyclic aromatic
hydrocarbons, pesticides, and organochlorines are major hazardous water chemical contaminants.
Dyes, often nonbiodegradable, toxic, and carcinogenic organic compounds, are released into nearby
water bodies from the textile, dye manufacturing and cosmetic industries, polluting the environment
and endangering human health. As shown in Figure 1.1, 'synthetic dyes include azo, sulphur, direct,
mordant, basic, acid, disperse, and reactive dyes! creating hazardous by-products through chemical
reactions such as oxidation and hydrolysis. Watery plants also lose their photosynthetic ability
because dyes impede sun rays and gas suspension, annihilating their ecosystems.>*

Azo dyes represent more than 50% of the total global dye production. They are distinguished
by the presence of the azo bond (—-N=N-), in which R or R’ is an alkyl or aryl moiety. The important
building blocks of azo dyes are aromatic amines. It has been reported that some azo compounds are
stable, remain in the environment for long periods of time and cannot be detected in wastewater by
simple techniques.>® They are used in fabric, cosmetics, lithography, food, and medical products.
Also, synthetic azo compounds are well known for their wide range of technological demands,

including photonic devices, photovoltaics, laser dyes, and diabetes treatment.*
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1.1.1.1.Methyl orange (MO) dye

Methyl orange (MO) dye is a common Azo dye used in several industries can pose

environmental risks if not handled and disposed of properly’. Here are some potential environmental

dangers associated with MO8

1)

2)

3)

4)

5)

Toxicity: MO is a synthetic chemical compound, and its components can be toxic to aquatic
life and other organisms if released into the environment. The dye itself may not be highly
toxic, but its breakdown products or impurities could be harmful.

Persistence: MO can persist in the environment for a significant period, especially if it is
not efficiently degraded. This persistence can lead to long-term environmental
contamination.

Bioaccumulation: Some chemicals used in dyes, including those in MO, can be absorbed
and accumulated in living organisms, potentially causing harm to the organisms and those
higher up in the food chain.

Discharge into water bodies: Improper disposal of MO-containing wastewater into rivers,
lakes, or other water bodies can lead to water pollution, disrupting aquatic ecosystems and
harming aquatic organisms.

Affecting water quality: MO, if released in large quantities, can alter the colour of water
bodies, affecting their aesthetic and potentially making it difficult for aquatic organisms to

survive.

1.1.1.2.0xidative degradation of dyes



Azo dye removal is difficult because of its solubility in water, complex structure, and synthetic
nature. Therefore, it is crucial to develop efficient methods for eliminating dyes from wastewater®-2,
Common wastewater treatments alone are not sufficient for water renewal due to the presence of such
chemicals with aromatic rings resistant to chemical, photochemical, and biological degradation.
Disposal of treated water results in these rings being detected everywhere.?

The removal of dyes in wastewater can be achieved in many ways, including chemical,
physical, and biological methods, but these methods have high degradation and maintenance costs,
and some of them produce secondary by-products that need further treatment, so they are not proper
and economical for wastewater treatment.!31® Recognizing the critical importance of advancing
wastewater treatment methods for long-term environmental sustainability, there has been a recent
surge in interest towards heterogeneous photocatalytic systems. These systems have garnered
increased attention for their capacity to effectively convert hazardous contaminants into harmless
substances through complete mineralization, offering a versatile solution for diverse pollutants.
Moreover, the distinct advantage of heterogeneous photocatalysis lies in its straightforward catalyst
removal post-reaction, making it a superior choice for wastewater treatment when compared to
homogeneous photocatalysis.®

In general, oxidative degradation of dyes is the most effective method for removing colour.
They are referred to as advanced oxidation processes (AOPs). In an AOP method, highly reactive
catalyst-like species (i.e., H202, OH-, O2", O3) are generated in situ for the mineralization of organic
compounds, disinfection by-products, and water pathogens. The motivation behind this study arises
from the extensive research and development efforts spanning the past three decades in the field of
Advanced Oxidation Processes (AOP) and photocatalysts based on TiO2. This chapter discusses the
targeted pollutants used throughout the study. Photocatalysis and its mechanism are described in this
chapter. TiO2 nanomaterials have optical properties that underpin their suitability for many
applications. For this reason, this chapter also discusses the challenges associated with TiO:2

modification and their possible solutions.®20-24

1.1.2. Semiconductor photocatalyst principle

The discovery of the “Honda-Fujishima Effect” in the early 1970s led to significant interest in
photocatalysis systems. Generally, a photoreaction velocity in the presence of a light-activated
catalyst, can be defined as a term of ‘photocatalysis’. The overall semiconductor photoreaction

process is summarised as follows:?°

Semiconductor/ light >Epng

A+D » A +D*




A semiconductor is a material that falls between a conductor and an insulator in terms of its
electrical resistivity. What sets semiconductor types apart is the band gap, which represents the
difference between the valence band (VB), the highest energy band occupied by electrons, and the
conduction band (CB), the lowest energy band with the lowest empty band.?® This band gap dictates
the spectrum of light wavelengths that the semiconductor can absorb. When photons possess energy
equal to or greater than the band gap, they can elevate electrons from the valence band (VB) to the
conduction band (CB), generating pairs of electrons and holes (Figure 1.2).2” This process is essential
in photovoltaic and photocatalytic applications, as it generates charge carriers that can participate in
chemical reactions, or be harvested for electrical energy.?>28

The position of the valence band and conduction band relative to the electrochemical energy
scale, particularly in p-type and n-type semiconductors, plays a critical role in determining a
semiconductor's ability to facilitate a reaction. Additionally, the band gap of the semiconductor
determines the specific range of light wavelengths it can absorb. In p-type semiconductors, the
valence band is closer to the electrochemical energy scale, while in n-type semiconductors, the
conduction band is closer to the electrochemical energy scale. This difference in band positions
influences the movement of electrons and holes (electron vacancies) within the semiconductor. When
the valence band is closer to the electrochemical energy scale in p-type semiconductors, it becomes
easier for holes (positive charge carriers) to move into the semiconductor from the external
environment, and this can facilitate oxidation reactions (loss of electrons). Conversely, in n-type
semiconductors, the conduction band being closer to the electrochemical energy scale promotes the
movement of electrons into the semiconductor, which can facilitate reduction reactions (gain of
electrons).2%%

In semiconductor particles, there are two important scenarios to consider. The first scenario
involves the recombination of charge pairs, which is something we want to avoid if we aim to create
an efficient photocatalyst. When charge pairs recombine, it means that the separated electrons and
holes, which are crucial for driving chemical reactions in photocatalysis, come back together instead
of participating in useful reactions. This recombination is a major drawback because it reduces the
efficiency of the photocatalyst. The second scenario relates to the trapping of electrons and holes in
the surface states of the semiconductor particles. These trapped charge carriers can react with certain
substances called electron acceptors (such as H* or oxygen molecules) or electron donors (such as
OH- groups or organic molecules). These substances can either be adsorbed onto the surface of the
particles or be in close proximity to them (Figure 1.2).%” This trapping and subsequent chemical
reactions are important for the photocatalytic process3'%2. For a photocatalyst to be effective, it needs
to strike a balance between different processes involving electrons and holes. On one hand, it must

facilitate reactions that utilise these charge carriers for useful chemical transformations. On the other



hand, it should minimize processes that lead to the deactivation of the photocatalyst, such as electron-
hole recombination. In essence, the photocatalyst should efficiently manage these electron-related
processes to maximize its performance in driving photocatalytic reactions.

The use of semiconductors as photocatalysts is also dependent on factors such as their ease of
production, their cost-effectiveness, their photostability, their non-toxicity to humans and the
environment, their ability to be activated by sunlight, and their ability to catalyse reactions
successfully.?”33
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Figure 1.2. Schematic illustration of semiconductor photocatalyst activated
by photogenerated electrons and holes.?’

Different semiconductors with various band gaps, including ZrO2, KTaOs, SrTiOs, ZnS, CdSe,
SiC, MoSz, WOs, Fe20s, GaP, ZnO, CdS, and TiO2 have been utilised in photocatalysis due to
desirable electronic structure composition, charge transport characteristic, light absorption features,
and the excited-state lifetime3*2®, The surface area and the quantity of active sites on the photocatalyst

are pivotal factors in assessing the overall degradation rate.'8
1.1.3. Nano porous semiconductor

The nanomaterial properties can be improved by making pores in their structure, attracting a
great deal of research attention for application in catalysis, energy storage and conversion, sensing,
adsorption, separation, and biotechnology.*

The International Union of Pure and Applied Chemistry (IUPAC) has categorised nanoporous
materials into three distinct classes based on their pore sizes. These classes include microporous

materials, characterised by pore sizes smaller than 2 nanometers; mesoporous materials, which have



pore sizes ranging from 2 to 50 nanometers; and macroporous materials, distinguished by pore sizes
exceeding 50 nanometers.3’:38

Today, mesoporous materials are of increasing interest to researchers. This is not only because
they can act as hosts for bulky molecules but because they possess several unique structures and
properties. Their tuneable large pore size, high pore volume, large surface area, and various
morphologies and compositions make them suitable for a wide variety of applications, including
photocatalysis, supercapacitors, medicine, electronics, biotechnology, solar cells, and lithium-ion
batteries.*

To date, activity and synthesis of various mesoporous semiconductors, such as SiOz, TiOz, ZnO,
Al203, Fe203, WO3, Nb20s, ZrOz2, Taz20s, SnO2, C0304, SiTiOas, ZrTiOa, MoSz, ZrW20s, TasNs, and
ZnS have been widely studied. However, none illustrate the enhanced properties and advantages of

mesoporous Ti02.3%-4
1.1.4. Metal nanocluster (NCs) definition

Metal nanoclusters (NCs) are composed of a relatively small number of atoms, usually
numbering in the tens or fewer. These NCs can consist of a single element or multiple elements and
are typically smaller than 1.5 nm in diameter. Metal NCs have unique properties due to their small
size and quantum confinement effects. Here are some key properties of metal NCs.4244

1. Size-Dependent Properties: An important factor influencing the properties of NCs is their
size. The surface area-to-volume ratio increases as the size decreases because atoms are
distributed more evenly at the surface. It can result in distinctive electronic and catalytic
properties.*

2. Quantum Size Effects: A discrete energy level is created by quantizing electronic energy
levels at the nanoscale. A quantum confinement effect can cause colour changes in their
absorption and emission spectra. These effects are especially evident in metal nanoclusters
when their sizes are comparable to or smaller than electron characteristic lengths.*6

3. Electronic Properties: Metal NCs are also affected by quantum confinement effects. The
discrete energy levels of these materials make them suitable for electronic and catalytic
applications.*’

4. Catalytic Activity: The high surface area of metal NCs can provide more active chemical
reaction sites, giving them unique catalytic properties. Their electronic structure and quantum
size effects can also enhance catalytic activity and selectivity.*

5. Surface Chemistry: In comparison to bulk materials, nanoclusters have chemically reactive
surface atoms. This makes them useful for catalysis, sensors, and other applications where

surface interactions play a crucial role.*



6. Stability: The stability of nanoparticles or bulk materials may differ from that of nanoclusters.
Small sizes of clusters can result in a high surface energy, increasing their aggregation and
oxidation potential. Stability is often enhanced by using surface ligands or protective
coatings.*®

7. Chemical Sensing: They are excellent candidates for chemical and biological sensing
applications due to their size-dependent properties and high surface area. They can change
their optical or electrical properties upon interaction with target molecules.>

These properties make metal NCs promising candidates for a wide range of applications,
including catalysis, electronics, photonics, sensing, medicine, and energy conversion. However, it is
imperative to note that the properties of nanoclusters can be highly dependent on factors such as their

composition, size, shape, and the surrounding environment.51-53

1.2. Titanium dioxide (TiO2)
1.2.1. Background

TiOz2 is classified within the category of transition metal oxides and is an important candidate
for several technological applications. Researchers have studied TiO2-based nanomaterials as
potential photocatalysts for environmental purification due to its low cost, photosensitivity, and low
toxicity, as well as good thermal and chemical stability with the suitable band structure.>* TiOz2 has
found numerous applications to date, spanning fields such as water treatment, hydrogen production,
photovoltaic cells, anti-fogging surfaces, air purification, self-cleaning coatings, enhancement of heat
transfer and dissipation, photocatalytic lithography, corrosion prevention, environmentally friendly
surface treatments, photochromism, and more.> The utilisation of solar energy as the primary
radiation source to activate such photocatalysts becomes feasible when the band gap is sufficiently
small. Conversely, if the band gap is high, ultraviolet radiation is required. Nevertheless, when this
band gap is modified through doping, the use of TiO2 in sunlight can lead to the degradation of
contaminants in wastewater. This highlights the versatility and potential of TiO2-based photocatalysis

in addressing environmental challenges.*!%6

1.2.2. Properties of TiOzsemiconductor

Two factors impacting TiO2 efficacy are its crystalline arrangement and size. Notably, TiOz2 is
found in three prominent polymorphs: anatase, rutile, and brookite. Rutile, the thermodynamically
stable form, prevails under various conditions.>’-%° It shapes through octahedra edge-sharing, forming
extensive chains, whereas anatase results from octahedra point-sharing. Brookite, on the other hand,
emerges from the interplay of edge and point sharing (See Figure.1.3%%) When subjected to elevated

temperatures during coarsening, TiO2 brookite and anatase forms tend to transition into the rutile



configuration. In the photocatalytic systems, the rutile and anatase phases of TiO2 have been subject
to the most extensive scrutiny and research.5264

In the realm of photocatalytic applications, brookite is notably limited due to the difficulty of
reliable synthesis and its inherent lack of photocatalytic activity. Rutile, on the other hand, while
having a smaller band gap (3.0 eV) than anatase and brookite, generally fails to perform adequately
as a photocatalyst. This diminished photocatalytic efficiency associated with the rutile phase of TiO2
is attributed to its limited light absorption, particularly within the UV range.2

Additionally, the alignment of conduction and valence band edges seen in anatase is not as
pronounced in rutile. Conversely, for photocatalytic purposes, anatase is favoured among the
available phases.%¢6” This preference stems from its greater electron mobility, lower dielectric
constant, reduced density, diminished oxygen adsorption capacity, and elevated level of

hydroxylation in comparison to rutile and brookite.®%68

Anatase Brookite Rutile

Figure 7.3. Crystalline Tetragonal structures of rutile, anatase and brookite TiO2 NPs
(spheres: red—Oz, grey—Ti). Based on Baranowska-Wojcik et al.®*

1.2.3. TiOzsemiconductor in photocatalysis

TiO2 is indeed known for its photocatalytic features, and the creation of hydroxyl radicals (OHe)
plays a significant role in its ability to break down organic contaminants when exposed to UV light.
This process is often referred to as photocatalysis and has a wide range of applications in
environmental remediation and water purification. Here is how it works:

UV light absorption: Titanium dioxide absorbs UV light effectively.

Generation of electron-hole pairs: Under UV light exposure, TiO2 produces pairs of electrons
and holes, with electrons residing in the conduction band and holes occupying the valence band.

Reactive species formation: In photocatalytic processes, the holes generated in the valence
band (VB) eventually migrate to the surface of TiO2. They interact with water molecules or hydroxide
ions (OH") present in a liquid environment, leading to the formation of hydroxyl radicals (OH-).

Simultaneously, electrons in the conduction band (CB) are involved in reduction reactions. A variety



of radicals are produced when they react with oxygen molecules: superoxide radicals (02,
hydroperoxyl radicals (HOO-), hydrogen peroxide (H202), and OH- radicals. These oxygen-related
species lead to organic contaminants breakdown during photocatalytic process.t®’® The
electrochemical energy scale is a fundamental concept in electrochemistry. It plays a crucial role in
determining whether a chemical reaction involving electron transfer (redox reaction) is
thermodynamically possible or not. The electrochemical potentials on this scale are used to assess
whether electrons or holes (positive charges) can drive a given redox reaction.

Oxidation of organic contaminants: Hydroxyl radicals (OHe) are extremely reactive and can
oxidize organic contaminants adsorbed on or near the TiO2 surface. This oxidation process breaks
down these contaminants into simpler and less harmful compounds.

Transformation into H20 and COz2: The oxidation of organic contaminants continues until
they are fully mineralized into water (H20) and carbon dioxide (CO2), which are non-toxic and
environmentally benign (See Figure 1.4).

This photocatalytic process can be used for the degradation of a wide range of organic
pollutants, including dyes, polymers, pesticides, and various other organic contaminations. It is
particularly useful in water treatment and air purification systems, where TiO2-coated surfaces or
TiO2 nanoparticles are employed to facilitate the breakdown of contaminants under UV irradiation.

However, it is important to note that the efficiency of this process depends on various factors,
including the specific type of TiO2 used, the intensity and wavelength of UV light, the concentration
of contaminants, and the reaction conditions. Researchers continue to work on improving the

efficiency of TiO2 photocatalysis for practical applications.?60.71.72

Methyl Orange dye

Degraded products
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Figure 1.4. Schematic illustration of photocatalytic degradation mechanism of
methyl orange using TiOz.



1.2.4. Drawbacks of TiO2

One of the primary disadvantages of TiO: is its constrained capability to absorb light within the
visible spectrum. Although TiO2 demonstrates effective photocatalytic properties under UV light, its
performance is limited when utilising visible light, primarily due to its wide bandgap of
approximately 3.2 eV. It can only capture a small fraction (< 4%) of the solar spectrum located in the
UV region. Consequently, if the band gap could be sufficiently reduced to allow absorption of visible
light, it might become feasible to harness up to 40% of the solar spectrum. This limitation restricts its
overall efficiency in photocatalytic reactions and solar energy conversion applications.?>4%73.74
Secondly, photoexcitation gives rise to the formation of a positively charged region (hole) emerging
from the displacement of an electron from a site. The recombination process, where the electron
returns to its initial molecular orbital to fill the hole, is undesirable in photocatalysis. Both bulk and
surface defect-induced charge recombination significantly curtail the photocatalytic functionality of
the material.”>"" These shortcomings collectively limit the widespread applicability of TiO2on a
larger scale.

To address these drawbacks, significant enthusiasm has arisen in the endeavour to modify TiOz2,
aiming to modify its band gap to fall within the visible light spectrum and reduce the recombination
of electron-hole pairs formed during photoexcitation. These approaches aim to increase the activity
of TiO2in photocatalytic process.””-8 This pursuit has engendered diverse approaches, which will be

expounded upon in subsequent sections of this chapter.
1.3. Surface modifications

Various approaches have been used to increase TiO2 photocatalytic activity. To prolong the
lifespan of electron-hole pairs generated through photocatalysis, various modifications can be
applied, including chemical modifications such as introducing additional elements on the TiO:2
surface and/or morphological modifications that increase porosity and surface area to adsorb more

co-catalysts.*

1.3.1. Mesoporous TiO2 (MTiOz)

Mesoporous TiO2 (MTIO2) is TiO2 material that possesses pores with sizes ranging from 2 nm
to 50 nm at the mesoscopic scale. These pores are organized in a regular pattern, allowing for the
creation of a high surface area and a substantial volume of interconnected voids within the material.
The porous structure of TiO2 enhances its properties and functionalities over traditional non-porous
or bulk forms and can be advantageous for several applications such as photocatalysis, sensors,

energy storage devices, and drug delivery systems.8!
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Mesoporous materials like MTiO2 have attracted significant interest because of their increased
surface area, which facilitates higher adsorption capacity, efficient mass transport, and improved
catalytic activity.®? This advantage stems from the presence of a well-connected three-dimensional
pore network, particularly notable in MTiO2. In contrast, the existence of micropores can impede the
diffusion of larger molecules, potentially limiting their efficacy. The controlled pore size and
distribution in MTiO2 can be tailored for specific purposes, enabling precise tuning of material
properties and interactions with substances at the molecular level 818384 Therefore, due to their unique
features, MTiO2 nanoparticles known to be highly active semiconductors in several photocatalytic
processes including Hz production, water treatment, dye-sensitized solar cells, electrode production
in Li-ion batteries, and biomedicine. 398485

This thesis will explore the application of functionalised MTiO2 in water treatment, drawing
attention to its distinctive pore structure and how it contributes to improved photocatalytic

performance.

1.3.1.1.MTIiO: preparation method

Numerous commercial TiO2 products are readily accessible in the market. However, the
potential for TiO2 to acquire distinctive properties is further augmented by modifying its morphology
and introducing a porous structure through diverse synthesis techniques.8

Since Antonelli and Ying discovered the first MTiO21%, a variety of shapes of them such as 2D
hexagonal, hollow-sphere, 3D cubic, and lamellar have been made to improve its photocatalytic
activity. These materials have thus been synthesised using diverse procedures, including evaporation-
induced self-assembly (EISA), sol-gel, hydrothermal, electrodeposition, microwave, solvothermal,
and sonochemical methods. 398587

Mesoporous materials (silica) were first fabricated around 1970, as a product of various
procedures based primarily on the Stober process®. In 1990, the creation of the surfactant-template
self-assembly method for preparation of mesoporous SiO:2 has since led to its widespread adoption in
mesoporous material research.8%-%

There are ordered and disordered mesoporous structures for MTiO2. Achieving ordered
mesostructures necessitates the utilisation of a template or structure-directing agent, contrasting with
the template-free procedures employed to attain disordered mesostructures.>® As ordered porous
structures inherently facilitate the diffusion of both products and reactants, the deployment of ordered
mesoporous TiOz is anticipated to bolster photocatalytic efficiency. Consequently, this category of
materials holds considerable promise for photocatalytic applications.®* This aspect will be a focal
point in this thesis, shedding light on the potential of ordered mesoporous TiOz2 structures to advance
the field of photocatalysis.
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There are two primary approaches for achieving ordered mesoporous materials, the soft
templating method and the hard templating method, 869293 as can be seen in Figure 1.5.%

Templating synthesis involves the utilisation of a specific design around which the material is
synthesised. There are three steps in creating samples using this method: template preparation, target
production by a sol-gel or hydrothermal method and removing the template with a physical (physical
pulverization and spray method) or chemical reaction (calcination method)®. Several parameters can
affect the final products’ physicochemical features, including the Ti precursor's choice and the
temperature at which it is calcinated. Calcination is necessary to eliminate the organic moieties from
templates and hydrolysis of Ti alkoxides utilised as Ti precursors. This factor significantly influences
the type of TiO2 polymorph created and the size of crystalline grains, consequently directly impacting

the performance of MTiO2.84

1.3.1.1.1. Soft templating method

In the process of producing soft templates for synthesis, polymer and biopolymer molecules
can very often act as templates. These polymers possess both polar and non-polar segments. Micelles
are generated by their interaction with the solvent. One portion of the polymer is drawn towards the
solvent, assembling outside the micelle structure. Conversely, the other segment is repelled by the
solvent but attracted to other polymer segments of the same polarity. These segments come together
to form the interior of the micelles. Upon reaching a critical concentration, these micelles align
themselves to create liquid crystals. Adjacent to these crystals, a precursor to titania undergoes
hydrolysis, resulting in the formation of a porous material. This porous structure gets filled with
polymer material. Subsequently, the amorphous titanium dioxide phase crystallizes, and
simultaneously, the polymer template is eliminated at elevated temperatures. The benefit of this
approach lies in its simplicity and minimal synthesis stages. However, a drawback is the vulnerability
of the template molecules to the high temperatures necessary for titania crystallization. This
predicament always involves a trade-off between crystalline structure and specific surface area, as
titania requires notably high temperatures (>400°C) to crystallize, which can lead to the degradation
of most polymers.8%94% Consequently, the pores collapse during the final thermal treatment, resulting
in reduced specific surface area.

Block copolymers, such as pluronic P123 symmetric triblock copolymer with one hydrophilic
and one hydrophobic part, are one of the common types of soft templates for making MTiO2. They
can be connected by polymer chains with various properties. During the production of mesoporous
nanoparticles, hydrogen bonding occurs in the hydrophilic section of this polymer. This facilitates

the mesoscopic phase fabrication.%6-%7
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Biopolymers offer a versatile and environmentally friendly option for serving as soft templates
in the production of mesoporous titanium dioxide. In this study, we used chitosan which is not only
a natural and sustainable source of N and C elements but also biodegradable and biocompatible. These
properties make it particularly well-suited as a template choice. Chitosan, a polycationic
polysaccharide, is composed of building blocks like glucosamine and acetylglucosamine, which
contain functional groups including carboxyl and amine. This unique composition obviates the need
for chemical alterations when forming chelates with titanium dioxide units and fabricating the desired
mesoscopic structures. After undergoing a calcination process, natural constituents of chitosan
facilitate N coating without requiring further modifications.%8-102

In another work, the Gratzel approach??® is applied to dye-sensitized solar cells. They used
mesoporous semiconductor electrodes consisting of interconnected nanocrystals such as mesoporous
TiO2 films prepared by screen printing method by using titania paste as a commercially prepared
combination of Ti precursors and organic materials which can act as template during the TiO2
synthesis process. Annealing was then applied in air at 500 °C to eliminate the organic moieties. We

are inspired by this approach to make TiOz films suitable for use in photocatalysis systems.103.104

1.3.1.1.2. Hard templating method

The hard templating method is utilised for synthesizing MTiO2 materials. This technique
involves using a solid and porous template like silica (e.g., silica-based like SBA-15, MCM-41,
MCM-48, or C-based like KIT-6, CMK-8) with a defined structure to guide the creation of
mesoporous TiO2.1% The selected template undergoes impregnation with a precursor solution
containing Ti. This precursor infiltrates the pores of the template, occupying the available spaces.
Subjecting the impregnated template to elevated temperatures triggers the conversion of the titanium
precursor into crystalline titanium dioxide while leaving the template unaffected. Chemical reactions
during this process solidify the titanium dioxide within the pores of template. After the crystalline
titanium dioxide forms, the template is removed in an extra step. Selective methods dissolve or burn
the template while preserving the TiOz structure, 05106

A notable advantage of this approach is the resilience of the template at elevated temperatures,
enabling Ti crystallization within the pores before template removal. However, drawbacks include
the need for more synthesis steps (template synthesis and removal) which increases costs. Also,
identifying templates that satisfy both high-temperature stability and well-defined pore structure
requirements can be a constraint. Achieving comprehensive and uniform pore filling within the
template can also pose difficulties, potentially leading to structural instability or reduced surface

area.8!
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Generally, achieving stability and a high specific surface area is more straightforward with the
soft template synthesis method than with hard template synthesis. This is due to the intricate
impregnation step in the latter. This research, therefore, focuses on mesoporous titania synthesis using
soft templates.107:108

However, obtaining ordered mesoporous titanium dioxide is challenging because Ti precursors
tend to form particles instead of polymeric structures. Soft template synthesis leads to particle
agglomerates rather than uniformly ordered porous materials. Despite this, materials with uniform
pores offer benefits such as enhanced diffusion within pores and shape-selective catalysis capabilities,
unlike materials with irregular pores. This is less critical for adsorption and photocatalysis research
area.® Notably, the Ti materials produced in this study were not ordered, but this lack of order does

not hinder their intended applications.

a) Soft Template Method

Soft template Mesoporous product
— L — 5
Mesoporous hard template Mesoporous replica

b) Hard Template Method

Figure 7.5. Hlustration of two methods for preparation of the mesoporous structures a)
Soft template method and b) Hard template method.%

1.3.2. Doped TiO2

Efforts to increase the activity of TiO2 when exposed to UV light and extend its light conversion
and absorption capabilities to include the solar spectrum visible portion have predominantly revolved
around augmenting it with foreign substances.?® Incorporating foreign elements, known as doping,
is a widely employed technique to decrease the energy gap and alter the electronic characteristics of
TiO2. This involves introducing additional elements into TiO2 bulk material, thereby altering its
optical behaviour. Scientific literature has documented that TiO2 can be doped by metallic or non-
metallic species. When non-metallic substances like C, N, S, P, and B as anionic species are used for
doping,t19111 they generally elevate the maximum energy level of the valence band (VB) due to their
lower electronegativity compared to oxygen. Conversely, dopants containing metallic elements tend

to reduce the minimum energy level of the conduction band (CB) since many of metals utilised in
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doping have greater electronegativity than Ti. Noble metal dopants also possess the ability to serve
as sites for capturing photoinduced charge carriers, aiding interfacial charge-transfer processes, and
thereby impeding the recombination of electron-hole pairs. Therefore, in this study to improve the
efficiency of the photocatalysis, doping mesoporous TiO2 with noble metallic and non-metallic

elements has been investigated.12113

1.3.2.1.N doped mesoporous TiO2

Nitrogen (N) was found as the most efficient non-metal substitution, having a similar atomic
size to elemental oxygen and low ionisation energy. Therefore, many efforts have been made to
increase mesoporous titania (MTiO2) photocatalytic efficiency by a variety of N doping procedures.
114 For instance, N doping of mesostructured TiO2 films with ammonia vapour treatment has been
studied by Martinez-Ferrero and Kitazawa.'%*%! Improving the photocatalytic activity, maintaining
the porous structure, and obtaining the optimum N substitution, of both prepared mesoporous titania
films treated in an atmosphere of ammonia at 500 °C/2-4 h was approved.

MTIiO2 surfaces can be functionalised with the N species as either an interstitial or a
substitutional N atom in the mesoporous titania matrix. Indeed, doped N may be an NO species that
may exist alone or in combination with Ti-N bonds; the NO type is created by the interaction between
N and O where N is close to interstitial positions; and the Ti-N bond is formed by substitution of
oxygen by N atoms. The substitutional and interstitial species can make levels above the valence
band, as reported for the interstitial 0.73 eV above the valence band forms. N2p levels could mix with
O2p levels leading to decreasing in the titania bandgap energy, producing more electrons and holes,
and increasing the photocatalytic efficiency under visible radiation. In another study, 2 it is reported
that the N2p levels form a narrow band separated from the initial valence band, which can be
responsible for sensitization of the surface to visible light. It also has been proved that the properties
of the N doped TiO2 are like impurity sensitization, causing the establishment of states localized in
the titania band gap. As a result, N doping not only modified mesoporous TiOz2 electronic properties
but also created oxygen-defective sites, hence inducing a significant effect on catalytic efficiency.
Therefore, designing strategies to improve TiOz2 catalytic activity is required.!*>1” As N dopants are
cost-effective and eco-friendly to modify the surface, these materials are promising for
future photocatalytic applications.%9113.118,119

1.3.3. Mesoporous TiO2 composites

TiOz2 is renowned for its exceptional photocatalytic capabilities, attributable to the generation
of photogenerated charge carriers, including negative electrons (e”) and positive holes (h*). While

TiO2 boasts one of the highest photocatalytic efficiencies among semiconductors, a notable drawback
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is its propensity for rapid recombination of photogenerated electron-hole pairs, which limits its
overall photocatalytic performance. To address this limitation, efforts have been made to enhance
TiOz2's photocatalytic prowess through the incorporation of noble metal dopants. These noble metals
act as electron receptors, capturing photogenerated electrons. This mechanism is believed to suppress
the recombination of electron-hole pairs and facilitate the migration of holes on the TiO2 surface,
thereby bolstering its photocatalytic activity. The deposition of noble metals onto TiO2 has garnered
significant attention, leading to numerous reviews that elucidate the roles of noble metals in
photocatalysis.1?9.121

In essence, noble metals such as Pd, Au, Pt, Ir, and Ag when immobilised onto the surface of
TiO2, act as electron receptors because their Fermi levels are lower than that of TiO2.1%2 As a result,
photoexcited TiO2 acts as an electron source for these metal NCs, facilitating charge separation within
the TiO2 material. Further, due to the different Fermi levels and work functions of noble metal
nanostructures (Ag, Pd, Pt, and Au) and the band-gap properties of TiOz2, direct contact between them
can result in the formation of a Schottky barrier, preventing the recombination of photoinduced
electron—hole pairs, and, therefore, enhancing the photocatalytic activity of the TiO2/noble metal
composite.3® The noble metal nanoparticles can act as efficient cocatalysts, making a Schottky
junction to improve visible irradiation absorption. Thus, they (I) prevent electron-hole recombination
by acting as electron traps, (I1) improve the surface properties of the photocatalyst, (111) increase
surface electron stimulation by plasmon resonances stimulated by visible light and develop absorption
of light in the visible range.*?3

Traditionally, bulk Au has been regarded as relatively unreactive, showing limited chemical
and catalytic activity. Nevertheless, Haruta and his colleagues made a ground-breaking discovery that
Au nanoparticles (NPs) can display remarkably high catalytic reactivity when finely distributed on
specific metal oxide surfaces (in the form of Au/metal oxide nanocomposites). Au NPs with unique
localized surface plasmon resonance (LSPR) based on their size and shape have been used as photo-
sediments on TiO2 surfaces to adsorb visible light. Surface plasmons of metal nanoparticles allow
electron exchange through TiO2 nanocrystals depending on lighting conditions. Additionally, when
metallic islands are doped with Au, Ag, and Cu nanoparticles, they can retain approximately all the
excess electrons. Hence, by altering the Fermi level of TiO2 NPs in a cathodic manner, an equilibrium
can be achieved concerning the charge saturation capacity of the nanoparticles. This has led to
considerable interest in Au/metal oxide nanocomposites within the realm of catalysis, with
widespread applications in critical processes like CO oxidation, selective propene oxidation, nitrogen
oxide reduction, and notably in the field of photocatalytic oxidation for environmental purification

purposes.1?4-128

16



The size of nanoparticles embedded onto the surface has a significant influence on the Ti
photocatalytic properties. Decreasing the Au NP size enhances the interfacial surface between the Au
NPs and the TiO2 matrix.*?® Moreover, Kamat et al. suggest that the enhancement factor (EF) change
in NPs per electron accumulated in small nanoparticles is more severe than in larger ones. Also, they
found that the EF changes in NPs per electron accumulated was greater for small nanostructures
compared to large ones. Thus, the enhancement of electron transfer at the electrolytic interface
enhances the Fermi level shift by decreasing nanoparticle size.'®® Hence, researchers are keen on
employing nanoclusters like Au NCs, which are smaller in size compared to Au NPs, to perform
surface modification on TiOz.

Tauster et al. were the first to attempt doping MTiO2 with noble metals. Since then, many efforts
have been made to modify MTiO2 by various noble metal NPs acting separately or simultaneously
according to the photoreaction conditions.’3! It has also been reported that thin films of titania
decorated by metal NPs can have interesting electrical and optical characteristics. Also, an extensive
range of optical applications can be obtained by controlling the size, concentration, and distribution
of metal NPs. Large surface area, tuneable nanosized pores, and ordered channel structures are
properties of the ordered mesoporous materials, which can be used to synthesise novel
nanocomposites. Indeed, the ordered structure and the confinement effect created by the mesoporous
channels in mesoporous TiO2 thin films can effectively address the challenges associated with
achieving a uniform spatial arrangement and size distribution of metal particles.'® Therefore
MTiO2/Au NCs nanocomposites are promising photoelectrical materials for photocatalysis systems
in several applications such as solar energy conversion for energy production and water

purification.'?8

1.3.3.1. S and N modification of MTiO2 surface for anchoring Aug NCs.

In 1986, Sato 13 was the first to report the creation of N-functionalised TiO2 (NTiO2). This
breakthrough marked a significant development in the field. Subsequently, Asahi et al. 34 proposed
a novel concept: the potential for narrowing the band gap by introducing N in the TiOz2 structure. This
innovation was noteworthy as it involved the replacement of some crystal lattice O atoms with N
atoms. It is worth noting that while numerous methods have been devised for the functionalisation of
TiO2 with N, many of these NTiO2 synthesis processes present significant challenges. These
challenges often involve the requirement for thermal treatment at temperatures exceeding 400°C or
high-pressure conditions, typically associated with hydrothermal or solvothermal processes, and
necessitate the use of N sources such as ammonium nitrate, ammonium chloride, urea, and similar
compounds.*®*> However, in Chapter 7, we applied a facile sol-gel method to produce N functionalised
TiOa.
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Monolayers consisting of Amino or mercapto groups are interesting due to their ability to bond
strongly with noble metals. For instance, (3-mercaptopropyl) trimethoxysilane (MPTMS) has been
applied to form monolayers of Au colloid on silica surfaces for applications in surface-enhanced
Raman scattering, biosensing, and catalysis. Because MPTMS is susceptible to moisture, the vapor
deposition technique could be a suitable approach to mitigate the impact of moisture and restrict the
polymerization processes. However, the surface coverage might not be comprehensive, and the time
required for the reaction is typically longer compared to liquid-phase silanisation. Hsieh and
colleagues were the first to document the use of aminopropylsilatrane as a bonding layer to attach
AUNPs onto Si surfaces. Subsequent research has confirmed that the attachment of mercapto groups
to Au, inspired by the interactions observed between Au and thiol groups in self-assembled
monolayers (SAMs) on bulk Au surfaces demonstrated in the late 1980s, exhibits greater strength
than that of amino groups. To illustrate, AuNPs adhering to an amino-functionalised surface can be
displaced when the surface of Au NPs is more extensively modified with a SAM, which typically
relies on the Au-S bond.36.137

Therefore S-functionalisation presents an effective method for chemically modifying surfaces
to attach Au particles. The covalent linkage between Au and S yields a strong yet adjustable bond.
This bonding is established through the interaction between S(sp3) hybrid orbitals and Au(6s)
electrons, which indicates that S undergoes sp3-type hybridization.*® Additionally, the involvement
of Au(d) electrons significantly contributes to the Au-S bond. Many investigations employ sulthydryl
(SH) functional groups present in thiols (RSHs) to facilitate and mediate these interactions,
further enhancing the connection between Au and S.13-14

This study focuses on designing efficient photocatalysis systems by preparing substrates to
further adsorb the noble metal clusters as cocatalysts acting as photogenerated charge pair receptors
to reduce their recombination. Accordingly, modification of the surface by adding functional groups
with nonmetal doping is one of the effective approaches to gain this purpose. Formation of the strong
binding between cocatalysts and MTiO2 surface is a key factor in adsorbing the cocatalyst effectively
and preventing their agglomeration. For this reason, using sustainable chitosan as the natural
templates and N resources and MPTMS as a thiol grafting reagent is a promising approach to prepare

N and S functionalised mesoporous TiOx.
1.4 Au nanoclusters

The characteristics of metallic particles are contingent upon their size. In fact, when the size of
metal particles falls below a certain threshold, their properties transition from being typically metallic
to exhibiting non-metallic traits. This transition occurs at approximately a few hundred atoms, causing
the energy levels to become discrete. It is important to acknowledge that this change is not abrupt but

gradual. When the size of materials decreases below a specific threshold, their attributes become
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sensitive to both size and shape.1#2143 These smaller metal nanoparticles, which are controlled at the
atomic level, are often referred to as metal clusters. These nanoclusters exhibit unique molecular-like
states, resulting in a wide range of optical, electrochemical, and other physicochemical properties.
Specifically, when metal clusters are formed at extremely small sizes, typically around 1.5 nm, which
is much smaller than either the de Broglie wavelength or the Fermi wavelength of conduction
electrons, they display exceptional characteristics distinct from both larger nanoparticles and bulk
materials. This disparity arises owing to the quantum confinement effect on the behaviour of
electrons. This has sparked increasing interest in the exploration of metal NCs for photocatalytic
applications, often involving the coupling of metal cluster composites with semiconductors.144-15

Precisely engineered Au nanoclusters (Au NCs) at the atomic level offer exceptional control
for constructing nanomaterials, making them a central point of interest within the field of cluster
chemistry research. Au NCs employed for surface modification exhibit smaller sizes compared to Au
nanoparticles. Unlike nanoparticles, their electronic structure's dependence on size and geometric
flexibility hold significant implications for altering surfaces in catalytic applications'®21°3, While Au
nanoparticles usually possess a face-centred cubic (fcc) structure, the atomic arrangements of Au
nanoclusters are determined by the number of constituent atoms, resulting in distinct atomic
configurations'®. Like molecules, Au NCs possess discrete electronic energy levels. In contrast,
nanoparticles exhibit a continuous electronic energy band structure that resembles bulk Au.'%

Au NCs find widespread applications in diverse fields including catalysis, biomarker
development, and fluorescence detection, primarily due to their robust fluorescence stability, minimal
cytotoxicity, excellent biocompatibility, and substantial Stoke shift. Recently, Au NCs have emerged
as a novel co-catalyst, effectively broadening the range of light utilisation and enhancing the photo-
efficiency of wide band-gap semiconductors.®

There are two efficient techniques for fabricating and depositing Au NCs onto surfaces. The
first involves a physical method, carried out under ultra-high vacuum (UHV) conditions in a gas
phase, while the second employs a chemical method, performed in a liquid phase through chemical
synthesis processes. The latter method holds an advantage in terms of ease of scaling up compared to
the gas-phase approach. 53157:158

Au NCs with a small number of metal atoms in the core, which can be combined with both
inorganic and organic ligands, exhibit distinctive atom-packing arrangements, and pronounced
quantization of electron energy. These characteristics encompass a considerable band gap, ultra-small
cluster size, and adjustable catalytic features.*>® Furthermore, Au NCs have exhibited the capacity to
enhance charge transfer processes. Their combination of catalytic and photoreactive properties
renders Au NCs a superb option for multifunctional applications in photocatalysis, as they can fulfill

the dual roles of catalytic centres and photosensitisers simultaneously. Notably, the photophysical
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characteristics of Au NCs can be finely adjusted by modifying their size, composition, and ligand
configurations. 56159

1.4.1. Phosphine ligated Au clusters and application in catalysis

The production of Au NCs chemically requires stabilising ligands to regulate cluster growth,
prevent agglomeration through metal-metal interactions, and ensure their proper dissolution in the
reaction medium. The exploration of atomically precise Au—phosphine clusters flourished between
the 1970s and the mid-1990s. However, this research subsided as the focus shifted towards thiolate-
protected Au clusters. The renewed enthusiasm for Au—phosphine clusters stems from the efforts of
numerous researchers spanning various fields, including catalysis involving supported Au clusters,
microscopic and spectroscopic characterisations, and theoretical calculations. A pivotal role in this
resurgence was played by Simon et al., who not only reproduced several of these clusters but also
provided comprehensive characterisations, rekindling attention to Au—phosphine clusters,60-162

Phosphine ligands, like triphenylphosphine (PPhs), have attracted much interest as candidates
to stabilise Au clusters due to their ability to yield ultrasmall clusters with tightly controlled size
distributions. Due to their distinct steric and electronic properties, phosphine ligands also enhance
cluster reactivity and electronic structure. As a result, these attributes set phosphine-ligated Au
clusters apart from those protected by alkynyl or thiolate groups. The characteristics of phosphine
ligands exert influence over the core size, nuclearity, geometric arrangement, flexibility, chirality,
stability, reactivity, and solubility of these Au—phosphine clusters. This interplay gives rise to the
diverse and intricate chemistry exhibited by Au clusters associated with phosphine ligands.!?

The bonds established between Au and phosphine ligands are characterised by dative covalent
interactions. In these interactions, the lone pair of electrons in phosphorus atoms actively participates
in forming the Au-P bond. The straightforward nature of Au-P bonds stems from the fact that
phosphine ligands do not exhibit terminal or bridging coordination modes. Early studies on molecular
orbitals, conducted by Mingos and colleagues, revealed that phosphine ligation leads to the
hybridization of Au orbitals, facilitated by the engagement of lone pair electrons. This hybridization
leads to enhanced radial Au-Au bonding strength.*?®

This approach has led to the creation of Au NCs denoted as Aun(PPhs)m, such as examples like
Aug(PPh3)s(NOs3)3 and Auzo1(PPhs)2:Cls. Following the initial synthesis and structural elucidation of
Au11(PPhz)7(SCN)s by Malatesta et al.,'%® a multitude of other Au NCs were synthesised employing
both monodentate and multidentate phosphine ligands. Appealing aspects of Au—phosphine clusters
are their straightforward synthesis, uncomplicated purification, and convenient crystallization
process. This is in contrast to numerous Au NCs that are protected by thiolate ligands, which often
necessitate intricate and costly purification methods.64-1% In contrast, numerous Au-phosphine

clusters can be purified using straightforward techniques like filtration, washing, or basic
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crystallization.'6718 The ease of crystallization offers a distinct advantage for Au—phosphine clusters,
facilitating rapid advancements in their preparation process and enabling comprehensive single-
crystal X-ray studies.'?®

Inherent fluxionality plays a significant role in revealing transitions between different structural
configurations, offering the necessary energy to surpass transition barriers. Such structural transitions
are of the utmost importance as they can influence the valence electron arrangement within clusters.
Interactions with substrates and the adsorption of clusters can lead to alterations in the cluster's
geometry. Consequently, evaluating the geometric arrangement of immobilised Au nanoclusters on
substrates is vital to understanding their inherent structure. However, accurately characterising the
exact configuration of small clusters when deposited onto solid surfaces is a major challenge, even
with the currently available electron microscopy technologies.!°

Laskin's group leveraged mass spectrometry to delve into the influence of phosphine ligands
on Au clusters.?’®11 More recent advancements have been achieved by Pettibone and Hudgens, who
made strides in elucidating reaction pathways and mechanisms within diphosphine-ligated Au cluster
systems.1’2173 Hakkinen and co-workers have also contributed through their theoretical and
computational determinations of electronic structures, doping effects, and catalytic behaviour
exhibited by Au clusters.t4"> This collective effort has breathed new life into the study of Au—
phosphine clusters.

One of the most captivating and versatile clusters, namely Aug(PPh3)s(NO3)s, remains a subject
of in-depth investigation, even after its initial synthesis in the 1970s through the reduction of
Au(PPh3)NOs using NaBH4 in EtOH.1® Of particular significance, Simon and collaborators recently
accomplished the isolation of a small subset of Aui14(PPhs)s(NOs)a clusters. These clusters crystallized
into delicate, pale-green platelets within a concentrated reaction mixture of Aug(PPhs)s(NOs)3
clusters.t”” The fundamental symmetry of these clusters approximates Dzn, akin to that of the Aus
cluster. Nonetheless, a notable difference arises whereas NO3~ serves as a counter ion in the Aug
cluster, in Auis, Au (NOs) assumes the role of a ligand. The Au—O bond, measuring 2.1 A, plays a
pivotal role in satisfying the configuration of the super atom model.

The catalytic potential of small Au particles was initially presented by Bond and colleagues in
1973 through their work on the hydrogenation and isomerization of olefins.1’® Bond and Sermon
ascribed the catalytic effectiveness of Au to either surface imperfections or the small size of
crystallites, with the latter being considered the more plausible explanation.'’® Despite their
contributions, their findings remained overshadowed for over a decade until Haruta and his team
unveiled the catalytic prowess of small Au NPs, approximately 5 nm in size, in CO oxidation in
1987.128180 These immobilised Au NPs exhibited superior performance compared to catalysts from

the platinum group, showcasing heightened stability and activity even at low temperatures.
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Concurrently, Hutchings also independently ascertained the catalytic efficiency of Au chloride in the
hydrochlorination of acetylene.’® Subsequently, a surge of studies followed, underscoring the
catalytic capability of Au NPs in a diverse array of chemical processes encompassing selective
hydrogenation, oxidation, cross-coupling reactions, and CO2 conversion.182-184

The elevated catalytic effectiveness of Au catalysts stems from a multitude of factors: particle
size, support characteristics, interactions between the support and the metal, charge exchange with
the support, impurity doping, and dynamic fluxionality.*®5-18" Intriguingly, the shortened Au-Au bond
lengths and the quantum size phenomenon within small Au NCs also contribute to their catalytic
performance (in comparison to Au NPs), furnishing them with advantageous attributes.'8818% A
benefit of employing Au NCs for heterogeneous catalysis lies in their easy deposition onto metal
oxides, achieved by manipulating electrostatic interactions between ligands and supports.

Lately, there has been an increase in interest focused on photocatalytic systems, that incorporate
Au clusters. This interest is driven by the dual nature of Au clusters, which can serve as both a
photosensitiser with a narrow bandgap and a cocatalyst.1%1%! The existence of HOMO-LUMO gaps
within Au NCs grants them resemblance to narrow bandgap semiconductors, hinting at their potential
for efficient photocatalytic applications.'® A multitude of photocatalytic processes, encompassing
activities like water splitting, dye photodegradation, and the photoreduction of aromatic nitro
compounds, take advantage of the distinctive attributes of Au clusters as a central component.192-19
However, the exploration of photocatalysis involving Au clusters is still at an early phase of
development.’® Addressing fundamental inquiries surrounding the effects of ligands, charge states,
electron transfer, and the nuclearity of the core size is essential to unveil the underlying mechanisms
and activity driving this form of photocatalysis.

Combining Au nanoparticles with semiconductors results in the formation of hot electrons and
the facilitation of charge transfer through plasmonic effects. However, the behaviour of Au clusters
differs from this norm. Therefore, when integrated into semiconductor photocatalysts such as TiOz,
these Au clusters offer a range of useful features. These encompass potent absorption of visible light,
proficient separation, and transfer of electron—hole pairs, and the initiation of singlet oxygen

production,156:191

1.4.2. Methods for Au cluster deposition

Au NCs can be produced and anchored onto surfaces either through gas-phase methods under
ultra-high vacuum (UHV) conditions 7 or by employing chemical synthesis process in the liquid
phase. 53158 The immobilisation of Au NCs onto a substrate, typically a metal oxide, is a fundamental

requirement for a wide range of cluster-related applications, such as catalysis, photocatalysis, and
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photovoltaics. Numerous techniques exist for depositing clusters onto surfaces, and some of these
methods yield clusters of uniform size.1%-1%

Currently, the pulsed nozzle technique is employed for cluster deposition. Alternatively,
another viable approach involves utilising the vapor pressure of clusters to coat the support surface
within the controlled environment of ultra-high vacuum (UHV) conditions. For this approach to
succeed, the clusters must exhibit sufficient stability to endure vaporization without undergoing
decomposition. Additionally, the UHV system must be capable of maintaining a pressure level that
aligns with the vapor pressure of the clusters to ensure successful deposition. This technique holds
promise for precisely controlling the cluster deposition process while operating within a highly
controlled UHV environment.'*® The utilisation of this method is constrained by the requirement for
exceptional stability in the metal clusters. It mandates that the metal-ligand bonds be robust enough
to ensure the cluster's vaporization before any disintegration of these bonds occurs. Consequently,
the instances of successful applications of this technique are predominantly associated with highly
stable metal clusters, often employing ligands such as metal triphenyl phosphine, carbonyl, and thiol.
For example, the selection of appropriate solvents is crucial, necessitating solvents with low vapor
pressures under the specific reaction conditions. The vaporization losses of these solvents can be
estimated by leveraging knowledge of their vapor pressures in relation to temperature.2°0-202

An additional technique involves the electrochemical approach, which encompasses the electro-
synthesis of diverse nanostructures on a solid substrate, often utilising templates like alumina. This
method was initially introduced by Nielsch as a means of immobilising metals within meticulously
organized alumina pores, employing a pulsed electrodeposition technique.?®

In the context of depositing chemically synthesised metal clusters onto metal oxides, two
methods have been introduced. The primary and widely employed method involves immersing the
metal oxide into a solution containing the clusters. The nature of the support determines the specific
form of immersion. For powder oxides, they are suspended in the solution and stirred, while wafer
supports, and single crystals are dipped into the cluster solution and left to rest for a certain
duration.®7204 These methods are conducted under ambient conditions, encompassing typical room
temperature and pressure. Prior to immersion, it is crucial to pre-dry the samples to eliminate any
moisture that can interfere with the establishment of interactions between clusters and the support
material. To prevent re-adsorption of water, the cluster itself should be handled within an inert
atmosphere, often accomplished using N2. Furthermore, the solvent employed for liquid-phase cluster
deposition must maintain its monodispersity when in contact with the support. Therefore, in the
liquid-phase deposition process, the choice of solvent plays a critical role. Selecting a suitable solvent
can minimize the occurrence of aggregation and cluster precipitation. Solvents utilised in cluster

preparation, like dichloromethane and methanol, are frequently used in this step to facilitate effective
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solvent support interactions.?% Furthermore, if titanium oxide is introduced as the support in powder
form, the experimental setup undergoes modifications. In this case, it is essential for the solvent to
ensure uniform dispersion of the titanium oxide, enabling all the support facets to be accessible for
effective binding with the clusters. Subsequently, after the successful deposition of clusters, the
solvent should be efficiently removed to avoid any undesirable impact on the clusters. Commonly
employed techniques for solvent removal include methods like flowing a stream of nitrogen gas (N2)
over the sample or subjecting it to vacuum drying. These strategies are widely utilised to ensure the
clusters remain intact and unaffected during the solvent removal process.1%:2%

The insights gathered by Lu and Chen emphasize a common challenge in achieving meticulous
control over the cluster size of the resultant nanocomposites. The predominant approaches often occur
in a solution phase, necessitating the meticulous manipulation of various experimental variables such
as the chemical structure of the ligands, the ratio of metal to ligand, the type of reducing agent, the
temperature of the reaction, agitation conditions, duration, and pH. These intricate adjustments aim

to precisely tailor the size and properties of the synthesised and immobilised clusters.?%

1.4.3. Detachment of triphenylphosphine ligands from Au clusters

Ligand removal is pivotal when working with chemically synthesised clusters, particularly in
catalytic applications. This step is crucial in establishing active catalysts by enabling interactions
between the cluster and the supporting substrate. This facilitates efficient catalytic processes for
crucial reactions. This process also results in particles with exposed adsorption sites, a pivotal
attribute in catalysis. Moreover, the effectiveness of metal clusters in interacting with semiconductor
materials is influenced by their electronic structure. The interface between the metal cluster and the
substrate, which facilitates charge transfer, holds significant importance.?%®

The removal of ligands and the enhancement of cluster core anchoring to the substrate surface are
commonly achieved through oxidative processes like ozonolysis and thermal treatments like
calcination under controlled atmosphere.*®” However, these methods may result in cluster aggregation
due to the relatively weak interaction between Au and the metal oxide substrate. Notably, the
electronic characteristics of ultra-small metal clusters strongly depend on their size. They are
susceptible to changes linked to the number of atoms within the cluster's core.

In response, researchers have investigated the implementation of surface pre-treatments to
mitigate Au nanocluster aggregation. For instance, Hidalgo et al. have proposed a method involving
the pre-treatment of TiO2 with sulfuric acid. This treatment results in the attachment of sulphate
groups onto the particle surface, leading to a significantly stronger interaction between the support

and the nanoclusters.209
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Another study conducted by Veith et al. revealed that modifying TiO2 through pre-treatment
with both acidic and basic solutions can effectively impede the aggregation of Au nanoparticles.
Specifically, they found that treating TiO2 with H* ions using sulfuric acid enhances the interaction
between the support and the metal clusters, thereby preventing aggregation?. Furthermore, separate
research has indicated that enhancing the catalytic activity can be achieved through the hydroxylation
of the TiO2 surface. It is interesting to note that while this hydroxylation improved catalytic
efficiency, it had no significant effect on the aggregation of Au clusters.?

In a recent study by Matthey et al., the focus was on investigating the nucleation of small Au
clusters (<20 atoms) on various surfaces of TiOz, including reduced, oxidized, and hydrated surfaces.
The study revealed that the bond between the metal oxide and Au was strongest when an oxidized
support was used. However, surfaces of TiO2 that were hydrated exhibited a propensity for
aggregation, leading to the creation of larger Au particles. Among the pre-treatment approaches
examined in the study, the treatment involving H2SO4 emerged as the most effective in preventing
cluster agglomeration during subsequent calcination. Other pre-treatment methods, such as O2(A),
H2(A), O3/UV, and SnClz, also exhibited promising results in retaining discrete clusters after
calcination. Notably, the H2(A) pre-treatment was particularly effective for its ability to discourage
cluster agglomeration during ozonolysis. 197205

The weakened Au—P bond is also suitable as it facilitates the removal of ligands under gentle
conditions. The removal of phosphine ligands plays a pivotal role in the activation of Au-based
catalysts. Kilmartin et al. detailed the disengagement of phosphine ligands from the Aus core using
an organic peroxide (TBHP) at a temperature of 95 °C.?'2 Similarly, Adnan and his team noted the
presence of OPPhs ligands in the catalytic reaction mixture, suggesting the elimination of PPhs
ligands during the catalytic oxidation of benzyl alcohol at 80 °C.?® Instances of phosphine ligands
being detached from the Au core have been observed through calcination at a temperature of 200
°C2, For example, Anderson et al. explored the elimination of triphenylphosphines from various
Aun clusters (n = 8, 9, 11, 101) ligated with PPhs by subjecting them to moderate-temperature
calcination (< 200 °C) and employing diverse conditions, including chemical etching, thereby
underscoring the flexibility of the Au—P bonding in cluster manipulation and catalyst
preparation, 12215216

Heat treatment is often employed to remove ligands from immobilised clusters, enabling direct
interaction between the substrate surfaces and nanocluster core facilitating access to surface
adsorption sites.’®” Clusters attached to supports can undergo two changes when heated to
approximately 200°C. Firstly, ultrasmall clusters may aggregate while still retaining their phosphine
ligands, leading to the formation of larger Au particles due to their inherent mobility. Secondly, some

Au clusters might form Au-O bonds, likely attributed to interactions with the oxygen present on the
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TiO2 surface. These Au-O bonds form concomitantly with the loss of phosphine ligands and
increased oxidation of phosphorus atoms.?*

Avoiding the first scenario is pivotal, as the distinctive features of nanoclusters depend on their
size and consequently undergo alterations upon agglomeration. Therefore, precise control over cluster
attachment to the substrate and accurate determination of cluster size are paramount for optimizing
the efficiency of photocatalytic systems for oxidation and reduction reactions.?®

This study primarily focused on devising an effective strategy to counteract the tendency of Au

clusters to aggregate both during the deposition process and subsequent heat treatment.
1.5. Aim of thesis

The primary objective of this thesis is to enhance the photocatalytic activity of TiO2 by
employing two distinct surface modification strategies: morphological modification through the
creation of porous structures, and chemical modification by introducing additional elements or
functional groups onto the surface. This includes the integration of non-metal elements, N and S, for
immobilising the Aug nanoclusters (NCs) as the co-catalyst.

The configuration of Aus NCs, determined by the number of constituent atoms, plays a pivotal
role in shaping the characteristics of the modified surfaces. As the catalytic efficiency of these NCs
is closely linked to their size, alterations in Aus NCs size led to variations in the overall effectiveness
of the system. Therefore, it becomes essential to prevent Aus NCs agglomeration to enhance the
catalytic activity, particularly following heat treatment aimed at ligand removal. Also, the
enhancement of the number of active sites on the TiO2 surface can be effective in creating an efficient
photocatalytic system. Therefore, in this study, we focused on designing novel systems able to adsorb
high levels of ultra-small Aus NCs and to prevent their agglomeration during the deposition and
annealing processes.

Forming strong bonds between Aug NCs and the TiOz2 surface is our main purpose, as this helps
increase the loading ratio and reduce the probable agglomeration of the clusters. The first approach
to achieving this aim is preparation of mesoporous TiO2 (MTiOz) with high density of surface defects,
high specific surface area, and 3D pore network. They can provide anchoring sites to adsorb of Aug
NCs, curtailing their mobility and thereby suppressing the tendency to aggregate. Another strategy to
counteract agglomeration involves the introduction of functional groups on the mesoporous TiO2
surface through N or S functionalisation. These chemically modified MTiO2 surfaces hold the
potential to establish a more robust bond between the Aug NCs and the MTiO2 substrate. The creation
of a strong complex between the Au core and the functional groups, particularly thiol groups, lead to
a more substantial and durable adsorption of clusters onto the surface.

It is necessary to undertake a comprehensive investigation into the relative impacts of surface

modification and functionalisation strategies on enhancing the loading of Aug NCs while concurrently
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mitigating agglomeration. This assessment will be conducted using XPS. Subsequently, once the most
promising photocatalyst system has been identified, our objective is to conduct an in-depth analysis
of its photocatalytic efficiency in the degradation of methyl orange dye. We will systematically
examine the reaction parameters and establish their interrelationships through the application of
response surface methodology. This analytical approach will facilitate a thorough understanding of
the complex dynamics governing the photocatalytic process.
In this study, we explored the role of non-agglomerated Aus NCs deposited on the substrate in
the photocatalytic activity for water treatment.
Therefore, the main aims of this research study can be classified as follows:
1- Synthesis of MTiO2 semiconductors and Aug NCs as co-catalysts.
2- N and S chemically modification of the MTiOz2 surfaces to create stronger support-cocatalyst
bindings.
3- Study of the agglomeration of the Aus NCs and their loading ratio by XPS after deposition
and annealing processes.
4- Investigation of activity of the prepared photocatalysts in MO dye degradation and study of

interaction between parameters by RSM.
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CHAPTER 2: EXPERIMENTAL

2.1. Materials and sample preparations

In this study, mesoporous TiO2 (MTiOz) substrates were prepared using several methods such
as screen-printing method in Chapter 5, sol-gel combined with evaporation-induced self-assembly
(EISA) method in Chapter 6, and sol-gel combined with homogeneous precipitation method in
Chapter 7.

In the second step, MTiO2 substrates were functionalised with thiol functional groups (SMTiO2)
and amino groups (NMTiO2) using 3-mercaptopropyltrimethoxysilane (MPTMS) and chitosan
polysaccharides, respectively, to obtain surfaces with improved adhesion to Aug nanoclusters (NCs)
(Figure 2.1).
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Figure 2.1. Representative examples of S-functionalised and N-functionalised mesoporous
TiOo2.

2.1.1. Preparation of SMTiOz2 films decorated by Aug nanoclusters (NCs)

The Fluorine-doped Tin Oxide (FTO) substrate (TEC 15) underwent a thorough cleaning
process involving ultrasonication with both deionized water and detergent, followed by a subsequent
ultrasonication step with ethanol. Next, the fabrication of TiO2 films was conducted by applying TiO2
paste onto the FTO substrate using the screen-printing method, followed by a brief drying period at
a temperature of 120°C for 5 minutes. The FTO substrate coated with the deposited titania was
subsequently subjected to a controlled heating procedure within a covered petri dish, carried out in a
furnace. This heating process encompassed the following temperature steps: 120°C for 5 minutes,
325°C for 10 minutes, 375°C for 10 minutes, and finally, 500°C for 30 minutes.
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To prepare SMTIOz2 films, the MTiOz2 films underwent a modification involving immersion in
5 ml of toluene, followed by the addition of 0.5 ml of MPTMS as can be seen in Figure 2.2. This
mixture was then subjected to reflux at 110°C for a duration of eight hours, resulting in the creation
of SMTIO2 film. Subsequently, the prepared functionalised film underwent a washing step using
ethanol and was dried at room temperature overnight.

To create the Aug NCs/(S)MTiO2 nanocomposites, 1 mg of Aus NCs crystals was dissolved in
2 ml of methanol. Afterwards, the Aug cluster solution was added to the completely dried SMTiO2
films. The films were immersed in this solution for 1 hour, causing the film's colour to shift from
white to a yellowish tone. The prepared samples underwent 5 hours of vacuum treatment at room
temperature to remove any residual methanol. To avert potential aggregation or degradation, the

samples were delicately placed in the sealed vials and stored in a dark environment at 4°C.

2.1.2. Preparation of SMTiO2 nanoparticles (NPs)

2 g of the triblock copolymer surfactant P123 is dissolved in 12 g of absolute ethanol through
30 minutes of stirring. A solution containing 9.84 g (0.035 mol) of titanium tetraisopropoxide in 1.44
ml (0.046 mol) of HCI is then introduced to the previous solution while vigorously stirring for 10
minutes. Subsequently, the resulting Sol is poured into a Petri dish and allowed to Gel at 40 °C in an
open environment for 30 minutes. Afterwards, it is left to dry under ambient conditions for 24 hours,
encouraging the crosslinking and oligomerization of the TiO2 within the sol/gel precursor. To
complete the process, the prepared samples are calcined at 400 °C for 4 hours in an air environment.
This step serves to eliminate the polymeric surfactant, facilitate the crystallization of TiOz into the
anatase phase, and generate interparticle mesopores.

To prepare SMTiO2 NPs, 0.1 grams of MTiO2 NPs were homogeneously dispersed in 5 ml of
toluene, which had previously been deoxygenated through a 15-minute N2 purging. To this mixture,
0.5 ml of MPTMS was introduced. The combined solution was subjected to reflux at 110 °C for 8
hours, with a continuous flow of N2 gas throughout the reaction (Figure 2.2). After the reaction was
complete, the resulting products were centrifuged and washed twice in ethanol. They were then

allowed to air dry overnight at room temperature.
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Figure 2.2. An illustration of a method for making S-functionalised mesoporous TiO2 using
3-mercaptopropyltrimethoxysilane (MPTMS).

2.1.3. Preparation of NMTiO2 NPs using chitosan as the template.

A mixture of 3 grams of chitosan powder and 100 ml of 5% v/v aqueous acetic acid was stirred
for an hour to create a solution with a concentration of 3% w/w. A titanium chloride solution was
prepared by combining 1.5 grams (0.0053 mol) of titanium (1) isopropoxide with 10 ml of 37% HCI
and 50 ml of deionized water. This solution was then added to the chitosan solution in a 1:1 w/w ratio
of Ti precursor to chitosan solution. The resulting mixture was agitated at room temperature for a
duration of two hours. Afterward, the solution was gradually dripped into 50% aqueous ammonia
under continuous stirring, leading to gel formation after an hour of stabilisation in the ammonia
solution. The gel that was formed underwent centrifugation, followed by two cycles of washing with
deionized water and three rounds of washing with methanol. Subsequently, the particles were dried
at 40 °C and subjected to calcination at temperatures of 400 °C, 500 °C, and 600 °C in the presence
of air to eliminate the chitosan. This resulting photocatalyst was termed NMTiO2 (1:1).

The template was eliminated from the sample during the calcination process, which induced a
crystallization in the material. Notably, when the atmosphere was switched from air to Ar, a

distinctive change in colouration was observed, resulting in the material taking on a black appearance.

2.1.4. Deposition of Aug NCs onto (S)MTiO2 and NMTiO2 NPs.

For the deposition of Aug NCs onto the surfaces of MTiOz, the initial step involved preparing
an Aus NC solution. This was accomplished by dissolving 1 mg (4.63x10% mol) of dark green Aus
NC crystals in 2 ml of methanol. Subsequently, 10 mg of MTiO2 samples were added to the prepared
Aug NC solution. The mixture was stirred for a duration of 1 hour at room temperature. For instance,
as illustrated in Figure 2.3, there is a noticeable transformation in the colour of the Aug NC solution,
shifting from an orangish tone to a pale yellow. This colour change serves as a clear indicator of the

adsorption of Aus NCs onto the surfaces of the prepared substrates. Notably, the degree of colour
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change in the final Aug solution directly correlates with the extent of adsorption onto the substrate
surface. In other words, the more pronounced the shift in colour towards a paler yellow, the greater
the adsorption onto the substrate surface. The suspension underwent centrifugation, and the resulting
sample was subjected to vacuum conditions at room temperature for approximately 5 hours to remove
any remaining methanol residue. The treated sample was then securely stored in a vial with a cap, in
a dark environment at approximately 4 °C, aiming to minimize the potential for aggregation or

degradation of the material.
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Figure 2.3. (a) Aug initial solution in methanol (b) white and (c) black NMTiOz suspension
in Aug solution before deposition; Aug solution after deposition process for (d) white
NMTIiO: (e) black NMTiO2 substrates

2.1.5. Ligand removal process

To remove the phosphine ligands through thermal treatment, functionalised and
unfunctionalised MTiO2 substrates decorated with the phosphine ligated Aus NCs were drop-casted
onto Si wafers. Afterwards, the composite samples were subjected to annealing at a temperature of
200 °C under a vacuum environment for 10 minutes. Subsequently, the samples were permitted to
gradually reach room temperature while being subjected to reduced pressure. The resulting materials

were then stored in a refrigerator at 4 °C.

2.1.6. Triphenylphosphine ligand stabilised Aug NCs

Detailed information related to the preparation, purification, and characterisation of the

triphenylphosphine ligated Aus NCs has been reported in Chapter 4.
2.1.7. Dye degradation photocatalytic test

To investigate the photodegradation of methyl orange (MO) dye, the MTiO2/Aus NCs
nanocomposites along with their corresponding substrates were suspended in 3 ml of MO dye
solution. This experimental setup aimed to assess the degradation capability of the nanocomposites
under UV light exposure. To facilitate mixing, a Vortex Fluidic Device (VFD)!-3 equipped with two
10 W Hg lamps emitting UV light at 254 nm was employed. The experiment was designed to evaluate

the photoactivity of the prepared nanocomposites using Kinetic analysis, by plotting the natural

42



logarithm of the ratio of initial concentration to current concentration (-In C/Co) over time. After
identifying the most effective photocatalyst based on reaction constants obtained from these kinetic
plots, the degradation efficiency of this selected photocatalyst was further studied. A selected quantity
of the best photocatalysts was dispersed within a 3 ml solution of the MO dye and subjected to UV
light exposure for the designated duration. The experiments were conducted under consistent
conditions, including a rotation speed of 900 rpm and a constant UV light intensity. Upon completion
of the reaction, the catalyst particles suspended within the solution underwent centrifugation at a
speed of 12,000 rpm for 10 minutes. A spectrophotometer (UV-Visible device manufactured by
PerkinElmer) was employed to quantify MO concentration, with measurements taken at the peak
wavelength of 466 nm.

The degradation percentage was determined using the formula provided as Equation 2.1, where
the variables Co and Ctrepresent the initial concentration of MO and the concentration at the time of

measurement (in ppm), respectively.
D(%) = @ x 100 Equation 2.1
0

Detailed information regarding the selection of independent factors, central composite design,

response surface methodology and curve fitting using python has been reported in Chapter 3.
2.2. Characterisation methods

The structures of these compositions are characterised by X-Ray photoelectron spectroscopy
(XPS), near-edge X-ray absorption fine structure (NEXAFS), scanning electron microscopy (SEM),
energy-dispersive X-ray spectroscopy (EDS), Scanning transmission electron microscopy (STEM),
X-ray powder diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and thermal
gravimetric analysis (TGA), as well as Brunauer-Emmett-Teller and Barrett-Joyner-Halenda (BET
and BJH) measurement. In Chapters 6 and 7, ion beam sputtering was employed to remove a few
layers from the surface to study the substrate surfaces. By applying a DC voltage ranging from 0.5 to
5 kV, Ar atoms were ionized, generating a plasma composed of ionized gas. 3 keVV Ar* ions under a

pressure of 108 mbar were utilised.

2.2.1 X-ray photoelectron spectroscopy (XPS)

XPS is a powerful surface-sensitive characterisation method utilised to investigate the
elemental composition and chemical state of materials. In XPS, a sample is exposed to X-rays, which
cause photoelectrons to be emitted from its surface. These photoelectrons carry information about the

energy levels of the electrons within the sample's atoms, including their binding energies.??
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By measuring the kinetic energies of the emitted photoelectrons, XPS provides insights into the
elemental composition of the sample's surface. The binding energies of the photoelectrons can be
correlated with specific elements, enabling the identification of the elements present and their
chemical environments. This allows researchers to determine not only which elements are present but
also their oxidation states and bonding configurations.®

XPS is particularly useful for studying surfaces and thin films, making it applicable in several
research fields including materials science, catalysis, nanotechnology, and surface chemistry. It can
provide information about the purity of materials, the presence of contaminants, and changes in
chemical composition due to surface reactions or treatments. XPS is also quantitative, allowing for
study of the atomic concentration of elements present in the top few nanometres of a material.*°

Overall, XPS is a non-destructive and versatile characterisation method that offers valuable
insights into the surface properties of materials, making it a valuable tool for researchers studying the
characteristics and behaviour of a broad range of compounds and interfaces.®

In response to electromagnetic radiation, materials emit electrons because of the photoelectric
effect. When the energy carried by photons exceeds the binding energy of electrons within a molecule,
those electrons are ionized. The disparity between the energy of the photon and the binding energy
of the electron yields the kinetic energy of the emitted electron, which is quantified using a
hemispherical analyser (HSA). This relationship is described by Einstein's photoelectric equation as
shown in Equation 2.2, illustrates this relationship:’

Exin=Ephoton—®spec—Exbin (Equation 2.2)

In this equation, Ekin represents the kinetic energy of the electrons, Ephoton IS the energy of the
incident photon, ®spec is the work function of the spectrometer (a constant), and Ebin is the binding
energy of the electrons. The work function of the spectrometer remains unchanged, as it is consistent
for all measurements.

The energy of the incident photon dictates whether electrons from the surface atoms' valence
or core levels are detected. Figure 2.48 depicts the essential components of an X-ray Photoelectron
Spectroscopy which are an electron detector and an X-ray source, a hemispherical electron energy
analyser. When exposed to light from the X-ray source at a specific angle, the sample's surface emits
electrons. The quantity of emitted photoelectrons and their kinetic energies are quantified during this

process.
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\\
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Figure 2.4. The operational concept of a photoemission spectrometer involves
generating monochromatic photons with energy hv by illuminating the sample surface at
a specific angle v using a light source.®

Photoelectron spectroscopy is renowned for being a surface-sensitive analytical technique
owing to the limited distance electrons can travel within a material before interacting with
neighbouring atoms or electrons. This distance is referred to as the "mean free path." Figure 2.58°
illustrates the mean free path of electrons within monolayers for various electron energies. The

diminishment of electron intensity is elucidated by the Equation 2.3.°

1(d,E,a)=lo exp (—d /cos(a)-A(E)) (Equation 2.3)
In this equation, | signifies the measured intensity, lo is the initial intensity, d represents the
depth from which electrons are emitted, « is the angle between the detector and the surface normal,

and A(E) corresponds to the electron mean free path.
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Figure 2.5. Electron mean free path®°.

XPS provides depth information to a depth of approximately 3-5 nm.1° One of the primary
capabilities of XPS is its ability to discern the chemical composition of elements within a sample.
This technique is based on two distinct processes that result in the electron emission from the sample.
The first process, known as photoexcitation, involves the transfer of the entire energy of an X-ray
photon to an electron. Energy transfer leads to the release of an electron from the sample in the first
process. The second process is Auger excitation, where an electron transitions from a lower binding
energy level to a higher binding energy orbital (core electron) within the target atom. This transition
fills the gap created by the emission of the photoelectron. The excess energy, which is the difference
between the lower and higher binding energies, is emitted as either a photon or transferred to another
electron, subsequently causing its ejection. The electron that is ejected secondarily is referred to as
an Auger electron. It is noteworthy that photoelectron peaks in XPS spectra tend to be sharper due to
their fixed binding energies, in contrast to Auger electron peaks which show broader features.°

In an XPS spectrum, the primary information extracted includes the peak position of elements,
the full width at half maximum (FWHM) of the peaks, and the intensity of each peak!!. The peak
position uniquely identifies each element, acting as a characteristic fingerprint. The overall
measurement uncertainty is influenced by the peak position, full width at half maximum (FWHM),
intensity, and background collectively.

The FWHM of peaks in an XPS spectrum is directly related to the measurement's resolution. A

narrower FWHM signifies higher resolution, allowing for finer discrimination between closely
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spaced peaks. On the other hand, a broader FWHM can lead to reduced peak separation and
potentially hinder precise identification of distinct elements.?

The intensity of peaks is closely tied to the concentration of the corresponding element within
the sample. Peaks with higher intensities generally indicate a larger concentration of the
corresponding element at the surface being analysed. This aspect is particularly useful for quantitative
analysis, allowing estimation of the relative proportions of different elements present in a sample.
Therefore, an XPS spectrum provides information about peak positions, FWHM, and intensities of
peaks, enabling the identification of elements and quantitative assessment of their concentrations
within a sample's surface layer.

The binding energy of emitted electrons, as assessed through XPS, plays a vital role in
indicating the size and chemical state of deposited clusters, primarily influenced by electronic effects.
This concept carries substantial significance in the interpretation of XPS spectra, offering valuable
insights into the properties of the analysed materials. It is worth noting that the 4f 7/2 orbital of Au
has often been chosen in numerous studies due to its effectiveness in revealing the electronic state of
Au.t?

In the following sections, we will explore in greater detail the mechanism by which binding
energy, obtained from XPS measurements, provides insights into the size and chemical state of
deposited clusters. The binding energy of electrons is intrinsically connected to the electronic
configuration of atoms within a substance. In the context of deposited clusters, variations in size and
chemical environment lead to changes in the binding energy of electrons associated with specific
atomic orbitals. These shifts are a consequence of the altered electron interactions as cluster size and
chemical composition change.*

For instance, smaller clusters exhibit distinctive quantum confinement effects due to their
reduced size, leading to quantised energy levels for electrons. Consequently, the binding energy of
electrons in smaller clusters deviates from that in bulk materials. Similarly, changes in the chemical
state of the clusters, such as oxidation or alloying, result in shifts in the binding energy due to
modifications in the electronic environment around the atoms.

By carefully analysing the binding energy values obtained from XPS spectra, researchers can
deduce the electronic interactions and structural characteristics of the deposited clusters. These shifts
and variations in binding energy provide insights into the surface chemistry, electronic properties,
and even the interactions between the substrate and the clusters. Overall, the binding energy
information acquired through XPS measurements serves as a tool for assessing the size and chemical
state of deposited clusters. The shifts in binding energy reflect changes in electronic interactions, and

yield information about the nature and properties of the analysed materials.'®
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The interpretation of XPS peak positions is influenced by several factors. Firstly, the oxidation
state of an element significantly affects peak positions. For instance, the binding energy of Au peaks
shifts from its standard bulk value of 84 eV to a higher value, typically ranging from 85.8 to 86.2 eV,
depending on interactions with substrates. This shift is indicative of the oxidation state and the nature
of interactions taking place, and it serves as a key indicator of chemical bonding configurations.?
Secondly, peak positions and full width at half maximum (FWHM) in XPS spectra are influenced by
both initial and final state effects. These effects depend on the elements comprising the clusters, the
cluster size, and its interaction with the substrate. Initial state effects are linked to changes in
electronic states due to factors such as cluster size and their interaction with the surface of the
substrates. On the other hand, the final state effect relates to the de-excitation process of an atom after
absorbing an X-ray photon. In the context of metal nanoclusters (NCs), the excited state can endure
for a longer period compared to the corresponding bulk materials. The shift in peak positions linked
to these effects frequently relies on the cluster's size and the nature of the substrate.’> However,
interpreting the shifts in peak positions for Au can be challenging. This is due to the relatively weak
Auger lines, which are an indicator of the initial and final state effects. The complex interplay of these
effects, combined with the weak Auger lines for Au, makes it difficult to solely rely on experimental
data to differentiate between initial and final state effects in peak position shifts.516

In summary, the interpretation of XPS peak positions involves considering the oxidation state,
initial and final state effects, and their interplay with the cluster size and substrate interactions. While
these factors provide insights into the electronic and chemical properties of clusters, the intricacies of
peak position shifts for Au often require careful analysis and consideration of multiple factors.

In Chapters 5, 6, and 7, we conducted spectroscopic measurements using an Ultra-High
Vacuum (UHV) instrument at an extremely low base pressure of a few 10-1° mbar, as detailed in
reference.??* The primary UHV instrument built by SPECS (Berlin, Germany) has attached
instrumentation for XPS, IPES, MIES/UPS and FTIR (see Figure 2.4). We utilised non-
monochromatic Mg Ka radiation (energy: 1253.6 ¢V) by operating the X-ray source at 200 W and 12
kV. The measurement protocol involved recording survey scans at an energy step of 40 eV.
Subsequently, high-resolution scans were carried out at a pass energy of 10 eV, employing a smaller
step size of 0.1 eV. During the analysis, we employed the Shirley background correction method. For
the high-resolution XPS, we used a fitting approach that combined Lorentzian and Gaussian peaks.
To standardize the binding energy measurements, we normalized the binding energy values of the XP
spectra to 285 eV. This normalization was applied to the main C 1s peak, which represents sp3
hybridized C?%. This procedure was implemented to correct for any charging effects that might be

present in the spectra. This experimental setup and analytical strategy allowed us to acquire reliable
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XPS data, contributing to a comprehensive understanding of the materials under investigation. The

X-ray photoelectron spectroscopy (XPS) peak fitting process yielded an error bar of around £ 0.2 eV.

2

Figure 2.6. Image depicting the ultra-high vacuum (UHV) apparatus at Flinders
University, equipped for X-ray Photoelectron Spectroscopy (XPS), Mass Spectrometry of
lons from Excited Surfaces (MIES), Ultraviolet Photoelectron Spectroscopy (UPS), Inverse
Photoelectron Spectroscopy (IPES), and Fourier-Transform Infrared Spectroscopy (FTIR)
experiments.

The primary chamber has been also equipped with an ion source (SPECS Lab PU-IQE 12/38),
which played a crucial role in sputter cleaning the samples discussed in Chapters 6 and 7. To achieve
this, the ion source operated at an accelerating voltage of 3kV, generating an ion current of
approximately 250nA. This configuration resulted in a total ion dose of around 2x10*® ions per square
centimetre. Ar*ions were utilised, and the settings were adjusted to ensure that the ion beam covered
the entire sample by rastering across it.*°

2.2.2 X-ray Absorption Spectroscopy (XAS)
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X-ray absorption spectroscopy is utilised to deduce properties such as interatomic distances,
metal-ligand bond lengths, and average coordination numbers in non-crystalline compounds, which
are otherwise challenging to ascertain. This method involves measuring absorption spectra by
exciting a core electron of an atom to an unoccupied orbital through X-ray excitation. X-ray
absorption spectra typically exhibit a pronounced and abrupt rise in absorption intensity known as an
"edge." This peak at the absorption edge corresponds to the shift between the core level and the vacant
valence states of an atom. This transition is highly responsive to the immediate surroundings of the
atom being studied.?°

X-ray absorption spectroscopy (XAS) can be categorised into two primary regions: the lower-
energy portion known as X-ray absorption near-edge structure (XANES), and the higher-energy
segment referred to as extended X-ray absorption fine structure (EXAFS). Within XANES, there are
two specific edges: the rising edge (high-energy edge) and the pre-edge (low-energy edge). The
results obtained from the low-energy edges are commonly termed near-edge X-ray absorption fine
structure (NEXAFS).2422

XANES is commonly applied to explore attributes such as oxidation states, coordination
surroundings, symmetry, and the density of states (DOS). Conversely, EXAFS is utilised to gather
details about the immediate atomic arrangement, covering aspects like bond length, the identity of
ligands and the coordination number. What makes XAS highly versatile is its capacity to integrate
seamlessly with other techniques like UV-visible and infrared spectroscopy, as well as small-angle
X-ray scattering, allowing for concurrent measurements that yield more comprehensive insights.
When recording both EXAFS and XANES spectra within the energy range of 11,880 to 12,000 eV,
researchers typically make use of the Au L3-edge as a reference point.?®

Chapters 6 and 7 of the thesis showcase the photoelectron spectra obtained from Ti, S and N
elements. The acquisition of these spectra took place at the Soft X-ray Beamline facility located
within the Australian Synchrotron (AS). The adoption of X-ray techniques reliant on synchrotron
radiation marks a substantial progression in recent times, primarily attributable to two pivotal
factors.?*

Firstly, this approach has spurred the progress of X-ray optics, enabling more precise
manipulation and control of X-ray beams. This has profound implications for the characterisation of
materials, especially within the realm of nanotechnology. The evolving field of nanotechnology, often
referred to as the 'nanoworld,' is rapidly advancing, and the incorporation of synchrotron radiation
techniques offers a fresh avenue for characterising nanostructures.

Moreover, synchrotron-based measurements benefit from notably high brightness levels and
narrow energy resolutions. These features enhance the quality of data acquisition, laying the

foundation for more accurate data analysis. The high brightness ensures a substantial intensity of the
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X-ray beam, thereby facilitating the detection and characterisation of even minute details within the
samples. The narrow energy resolution, on the other hand, allows for precise differentiation and
identification of energy levels, contributing to the accuracy of the gathered data.?®

In summary, the utilisation of the Soft X-ray Beamline at the Australian Synchrotron for
photoelectron spectroscopy represents a significant advancement in characterisation techniques. This
development is attributed to the synergy between synchrotron radiation, the rapid progress in
nanotechnology, and the benefits of high brightness and narrow energy resolution, which collectively
enhance the quality and depth of data analysis.

Indeed, NEXAFS, which stands for Near Edge X-ray Absorption Fine Structure, serves as a
valuable tool for characterising materials' chemical states. This technique is particularly sensitive to
the bonding environment surrounding the absorbing atom, making it akin to a fingerprint that provides
insights into the chemical state of specific elements.?®

In the context of the Chapter 6, the Ti L-edge and S k and L-edge were employed to delve into
the precise structure and chemical state of Ti and S groups present on the prepared substrates. In
Chapter 7, Ti L-edge and N K edge was used to investigate the exact structure and the chemical state
of Ti and N groups on our prepared substrates. The experimental data were collected at the soft X-
ray spectroscopy beamline located at the Australian Synchrotron. NEXAFS, in conjunction with
advanced tools like the Quick AS NEXAFS Tool,?%27 offers a precise and powerful approach to
deciphering the chemical nature of materials. This methodology is especially important for
understanding the properties and behaviour of substances in various applications, contributing to

advancements in materials science and related fields.

2.2.3 Electronic microscopy techniques

An electron microscope is a powerful scientific instrument that uses a beam of electrons instead
of visible light to magnify and visualize incredibly small objects and structures at the nanoscale. Here
Is a brief section describing how an electron microscope works:

1) Electron emission: The process begins with an electron source, typically a heated filament or a
field emission gun. In the case of a transmission electron microscope (TEM), a sharp metal tip emits
electrons when heated. For scanning electron microscopes (SEM), a heated filament emits a stream
of electrons.

2) Electron lenses: After electron emission, the electron beam passes through a series of
electromagnetic lenses. These lenses are responsible for focusing and shaping the beam. In a TEM,
there are usually two sets of lenses: condenser lenses that converge the beam onto the specimen, and
objective lenses that further focus the beam and form the final image. In an SEM, the lenses serve to

focus and scan the electron beam across the specimen's surface.
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3) Specimen interaction: As the focused electron beam interacts with the specimen, several processes
occur. In TEM, electrons may be transmitted through the specimen, scattered, or absorbed, depending
on the specimen’'s composition and thickness. In SEM, the electron beam scans across the specimen’s
surface, and various interactions like secondary electron emission, backscattered electron emission,
and characteristic X-ray emission occur.

4) Image formation: In a TEM, the transmitted electrons pass through the specimen and are captured
on a fluorescent screen or a digital detector to create an image. This image is a high-resolution, two-
dimensional projection of the specimen's internal structure. In an SEM, signals resulting from
interactions with the specimen are detected and used to create a three-dimensional surface image.

5) Rastering (SEM): In SEM, the electron beam scans the specimen's surface in a raster pattern, like
how a CRT television or computer monitor displays images. This scanning motion allows for the
creation of detailed and finely resolved surface images.

6) Imaging lenses (TEM): In TEM, after the electron beam passes through the specimen and forms
an initial image, additional lenses are used to magnify and focus the image onto a viewing screen or
a digital sensor. These imaging lenses are crucial for achieving high-resolution images in TEM.

In summary, electron microscopes work by emitting a focused beam of electrons from an
electron source, using electromagnetic lenses to focus and shape the beam, interacting with the
specimen to create signals, and ultimately forming images either by transmitting electrons (TEM) or
by scanning and detecting various signals (SEM). These microscopes are essential tools for

researchers in various fields, enabling them to study nanoscale structures and materials.?8-32

2.2.3.1.Scanning Electron Microscope / Energy dispersive X-ray spectroscopy

Scanning Electron Microscopy (SEM) belongs to the category of electron microscopes that
produce images of a sample's surface by scanning it with a focused electron beam. As these electrons
engage with the atoms within the sample, diverse signals are generated, offering valuable insights
into both the composition and the surface features of the specimen. To construct an image, the position
of the electron beam as it scans is integrated with the intensity of the detected signals. In the most
common SEM mode, atoms within the sample are excited by the electron beam, causing them to emit
secondary electrons. These emitted secondary electrons are then captured and detected using a device
called an Everhart-Thornley detector, which is specifically designed for detecting secondary
electrons. The gquantity of secondary electrons emitted, and consequently the intensity of the signal
produced, is contingent upon the topography of the specimen's surface.®

SEM is employed to visualize objects and details within the microscale and nanoscale ranges.
It is crucial to highlight the significance of preparing SEM samples appropriately to obtain high-

quality images devoid of any undesirable electrical charges. For instance, even though a TiO: film is
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intrinsically conductive and does not typically require coating with materials like Au or Pt, in some
cases, a charging issue might arise. To mitigate this issue and ensure high-resolution imaging,
strategies like attaching the FTO support to the sample holder using double-sided C tape were
employed. This practice helps eliminate unwanted charges and enables the SEM to capture more
accurate images.3!

SEM empowers users through several methods. Here are three primary methods by which SEM
empowers skilled users:2831.34

1) High-magnification imaging: SEM allows users to observe samples at extremely high
magnifications, typically ranging from 10x to over 100,000x. This level of magnification
enables the visualization of structures and features at the nanoscale, providing valuable
insights into the sample's morphology and surface topography.

2) High-resolution imaging: SEM provides exceptional resolution, which is the ability to
distinguish between closely spaced objects or fine details in a sample. This high-resolution
imaging is achieved by focusing a beam of electrons onto the sample's surface, allowing
users to obtain detailed information about the sample's surface characteristics.

3) Elemental analysis: SEM can be equipped with EDS detectors. This feature enables skilled
users to perform elemental analysis of the sample. By analysing the characteristic X-rays
emitted when the electron beam interacts with the sample's atoms, users can determine the
elemental composition of different regions within the sample. This is crucial for materials
characterisation and identifying the presence of specific elements in a sample.®

In addition to these primary methods, SEM offers other capabilities such as electron backscatter
diffraction (EBSD)%¢ for crystallography, cathodoluminescence (CL)%" imaging for studying
luminescent properties, and more. Skilled users can leverage these techniques to gain a
comprehensive understanding of the sample's microstructure, composition, and properties, making
SEM a versatile tool in scientific research and materials analysis.

In the high-resolution imaging, the resolution describes the smallest measurable distance
between two closely positioned points viewed head-on, effectively delineating them as separate
entities. Traditional light microscopy (LM) offers a maximum resolution of approximately 200 nm.
However, certain specialized SEM variants, such as Field Emission SEM (FESEM) and Focused lon
Beam SEM (FIB SEM), are equipped with resolutions surpassing 10 nm, often reaching as low as 5
nm. In our specific case, the requirement for high-resolution FESEM was driven by the necessity to
accurately determine the sizes of porosities within the prepared TiOz2 film. This entailed employing a
working distance of 4 millimetres alongside a spot size of 2.00, ensuring optimal conditions for
capturing high-resolution images. This strategic approach effectively facilitated the attainment of the

desired high-detail imaging.
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Depth of field is a crucial characteristic that enables the capture of intricate topographical
details. The three-dimensional (3D) representation of specimen images holds paramount importance
in SEM analysis.>® Remarkably, substantial data and insights about a specimen can be gleaned even
at low magnification levels. Through the utilisation of "stereo pair" SEM images, the SEM facilitates
the provision of even more significant material-related information.*°

Microanalysis is another pivotal capability, encompassing the analysis of sample composition.
This involves discerning details about the material's chemical composition, its electrical
characteristics, and its crystallographic attributes. The proficiency of SEM in microanalysis enables
a comprehensive understanding of the specimen’s makeup and characteristics.*%42

Morphological analysis of samples prepared in Chapters 5, 6, and 7 was conducted through
SEM at Flinders Microscopy and Microanalysis which is an FEI Inspect F50 SEM equipped with an
EDT secondary electron detector, concentric backscatter electron detector and Ametek EDAX EDS
detector. The instrument was applied at a voltage of 10.0 KV with a spot size of 2.0. The samples,
prepared after processing, were drop-casted onto Si wafers and subsequently coated with a thin layer
of Pt via sputter coating, achieving a thickness of approximately 2 nm. The sample material is exposed
to electron irradiation, leading to the emission of characteristic X-rays corresponding to the elements
within. The emitted energy manifests as peaks in varying intensity on a spectrum profile. This profile
serves to identify the specific inorganic elements contained within the sample, such as N, C, O, Au,
Si, S, and Ti. 4344

However, the analysis is not inherently quantitative. The size of the spectrum peaks, denoting
X-ray intensity, increases in direct correlation with the concentration of elements found in the sample.
This technique excels at characterising discrete paint layers or individual particles within a sample,
rendering the analysis highly targeted and tailored to distinct points of interest. This capability is

especially valuable for examining specific areas, such as individual layers in a cross-section.

2.2.3.2. Scanning transmission electron microscopy (STEM)

Starting in the 1930s, the methods of Transmission Electron Microscope (TEM) and Scanning
Transmission Electron Microscope (STEM) have been utilised to investigate the atomic-scale details
of materials. In the case of TEM, it operates in a manner akin to an optical microscope. Electrons that
traverse a specimen are subsequently directed onto a viewing screen or camera following their
interaction with the sample, allowing for imaging at the atomic level.*>¢ To achieve optimal
performance in TEM, it is crucial for the sample to have a thickness of approximately 100 nm, and
the electron beam must possess substantial energy. The quality of the resulting image is determined

by how electrons behave, whether they pass through the sample without scattering or get reflected
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due to interactions with the sample. The presence of a lower lens beneath the sample causes electrons
with varying energies to converge at distinct focal points, which can result in image blurring.

In contrast, STEM integrates principles from both TEM and SEM. In a STEM, the electron
beam is tightly focused onto a small spot on the specimen, and the resolution of the microscope
primarily depends on the ability to focus the beam to a fine point. This focused beam scans across the
specimen in a raster pattern, and as it interacts with the specimen, various signals are collected to
form an image. These signals, including transmitted electrons, backscattered electrons, and various
spectroscopic signals, contribute to the final image. However, it is the precise focusing of the electron
beam that enables high-resolution imaging in a STEM. By employing an exceptionally narrow
electron beam with a diameter as tiny as 0.1 nm,?® Scanning Transmission Electron Microscopy
(STEM) achieves spatial resolution comparable to the distances between atoms. This focused beam
is moved across a thin sample, gathering a variety of scattering data corresponding to its spatial
location. An objective aperture limits the maximum angle of illumination, which encompasses the
angle at which the probing electron beam interacts with the sample as it traverses through the scan
coils. An array of output detectors is employed to generate diverse types of images. 4

STEM encompasses two prominent detection modes: the Bright Field (BF) mode and the
Annular Dark Field (ADF) mode. In the BF mode, on-axis transmitted electrons are captured,
resembling the process in TEM, and this mode imparts crystallographic information. Importantly, this
mode can accommodate thicker samples in comparison to conventional TEM. Conversely, the ADF
mode in STEM introduces an innovative imaging technique termed High Angle Annular Dark Field
(HAADF) imaging. HAADF imaging relies on the detection of scattered electrons that pass near
atomic nuclei within the sample. This methodology yields high-resolution images endowed with
chemical sensitivity and atomic number (Z-) contrast. Notably, it excels in highlighting atoms with
higher Z-numbers, like Au, owing to the substantial electron scattering they exhibit. Like TEM, the
process in STEM also gives rise to backscattered electrons and x-rays.?347

Chapter 6 delves into the practical application of the HAADF-STEM mode in the visualization
of deposited Au clusters on mesoporous titania NPs, offering an in-depth exploration of the HAADF
mode. In Chapter 6, an examination of the structure and size distribution of the Au Nanoclusters (Au
NCs) was conducted. This analysis utilised a High-Resolution Transmission Electron Microscope
(HRTEM). Additionally, High-Angle Annular Dark-Field Scanning Transmission Electron
Microscopy (HAADF-STEM) and STEM-EDS elemental maps were generated using a FEI Titan
Themis STEM operating at 200 keV. To optimize data quality, the instrument was equipped with a
Super-X EDS detector and a specialized low-background sample holder, which reduced unwanted
background signals and improved the efficiency of X-ray signal collection. The collected data were

then processed and analysed using Velox™ software developed by Thermo Fisher Scientific.
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For sample preparation, dispersions of the as-prepared material were dropped onto a 300-mesh
copper grid with a lacey C support film. The dispersions were prepared by sonicating the material in
Milli-Q water until it was uniformly dispersed. The water was then allowed to evaporate, and the
sample was placed into the sample holder. It is important to note that achieving atomic-scale

resolution was challenging due to the presence of entrained ligands in the samples.

2.2.4. Brunauer, Emmett and Teller and Barrett-Joyner-Halenda (BET and BJH)

In Chapters 6 and 7 of this study, N2 adsorption and desorption isotherms were conducted at a
temperature of 77 K using a Tristar 11 3020 instrument based on the BET principle. BET is utilised
to measure the specific surface area of a sample. In addition, in this study, the BJH analysis technique
was applied to assess pore size and volume through adsorption and desorption methods. This
approach allows for an isolated examination of pore size distribution, regardless of the sample's
external surface area due to particle size considerations. Measurement of the pore size can be useful
for achieving knowledge about the properties of porous materials such as mesoporous TiO2
semiconductors. Furthermore, it is useful in manufacturing consistency and evaluating product
performance.*® But how does BET Work?

In BET analysis, N2 gas is frequently chosen for its strong affinity with most solid materials
and its ready availability in high purity. Because the interaction between solid surfaces and gas
molecules is often weak, the surface is cooled using liquid nitrogen (liquid N2) to enable the detection
of adsorption in meaningful quantities. Subsequently, precise volumes of N2 gas are incrementally
introduced into the sample chamber. By creating a partial vacuum, pressures lower than atmospheric
pressure are achieved. It is crucial to understand that once the pressure reaches saturation, further
increases in pressure do not result in additional adsorption. Highly precise pressure transducers
monitor pressure changes throughout the adsorption process. Following the establishment of
adsorption layers, the samples are removed from the nitrogen atmosphere and heated to release the
adsorbed N2 from the material, which is then quantified. The data collected is typically presented in
the form of a BET isotherm, which plots the amount of adsorbed N2 gas as a function of relative
pressure. It is worth noting that there are six possible types of adsorption isotherms, each indicating

different adsorption behaviours and surface characteristics. 4%

2.2.5. Attenuated total reflection Fourier-transform infrared (ATR-FTIR)

IR spectroscopy is the oldest and most widely used method not only for characterising both
inorganic and organic chemicals, but also for obtaining information on chemical bonding, molecular
environment, and molecular structure. The ability to study liquids, solids and gaseous samples make

it a powerful tool for quantitative and qualitative studies. ATR-FTIR, or internal reflection methods,
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allow in situ investigations of surface reactions on immersed solids. The ability to investigate solid
particles of metal oxide in suspensions or as thin films deposited on ATR crystals has led to in situ
ATR-FTIR studies of chemical reactions and adsorption on a variety of solid-gas and/or solid-liquid
interfaces in a photocatalysis background. The ATR-FTIR technique is a powerful tool both for
probing binding mechanisms and for characterising organic molecules adsorption onto surfaces of
metal oxides in liquid media.>1
The infrared spectrum ranges from 13000 cm to 0 cm and is categorised into three parts:

1- (From 13000 cm™* to 4000 cm™t), Near-Infrared region, in which the vibrational overtones of most
chemical bonds are found. Data from this region is mainly used in process control or chemical
industries.
2- (From 4000 cm™ to 400 cm?), Mid- Infrared region is the most extensively studied region in
infrared spectroscopy, primarily because it is in this range that rotational and vibrational shifts provide
the most precise and informative data.
3- (From 400 cm* to 0 cm™), Far- Infrared region, is the region for which the first FTIR spectrometer
was developed owing to optical resolution, excellent mechanical tolerance, and smaller wavelength
source requirement. FIR is appropriate for characterising most of the metallic elementals.>354

The FTIR instrument was utilised to characterise the compounds prepared in Chapters 5, 6, and
7 which was provided from Bruker optics Inc, Vertex model 80v with an external adapter for running
UHV-FTIR measurements. It should be noted that an XPS instrument has been attached to this
instrument and can be employed simultaneously. Michelson interferogram, sources, mirrors, beam

splitters, laser, and detectors are components present in FTIR.

2.2.6. X-Ray Diffraction Analysis (XRD)

X-ray Diffraction (XRD) is an analytical technique used to investigate the crystalline structure
of materials. This method involves directing a beam of X-rays onto a sample, and it detects the
scattering of these X-rays as they interact with the atoms within the crystal lattice of the material.
Subsequently, the diffraction pattern generated is analysed to determine the precise arrangement of
atoms within the material >

In XRD, the X-ray wavelength is indeed crucial and must be compatible with the interatomic
spacing (also known as d-spacing) in the crystal lattice of the material being analysed. This
relationship is described by Bragg's Law®®5, which is fundamental to X-ray crystallography.
Bragg's Law states: nA = 2d sin(0)

Where:
n is an integer (the order of diffraction)

A is the wavelength of the X-rays
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d is the interplanar spacing (the distance between atomic planes in the crystal lattice)

0 is the angle of incidence or diffraction

This equation explains how X-rays interact with a crystal lattice. When the X-ray wavelength
(A) matches the interatomic spacing (d) and the angle (0) is appropriate, the X-rays will undergo
constructive interference, resulting in a strong diffraction pattern. In other words, the X-rays will
scatter in a way that allows them to reinforce each other, leading to bright diffraction spots on the
detector. By measuring the angles and intensities of these diffraction spots, scientists can deduce the
crystal structure of the material, including information about the arrangement of atoms within the
crystal lattice. Therefore, choosing the correct X-ray wavelength for XRD analysis is crucial because
it determines the ability to observe diffraction patterns that provide valuable structural information
about the material under investigation. Different elements and crystal structures require X-rays with
specific wavelengths to produce informative diffraction patterns.>’->°

Key information obtained from XRD includes the lattice parameters, crystal symmetry, crystal
plane orientation, and interatomic distances within the crystal lattice. This technique provides insights
into the material's structural properties which are crucial for understanding its physical and chemical
behaviour.®

XRD plays a vital role in various fields, including materials science, chemistry, geology, and
solid-state physics. It aids scientists in characterising materials, optimizing manufacturing processes,
and advancing our understanding of the atomic arrangements that material properties.>®

XRD involves several steps to analyse the crystallographic structure of a material. Here is a
general guide on how to run XRD.5%62

-Sample Preparation: Powders, thin films, or single crystals are common sample types. The
samples should be finely ground and uniform to ensure accurate results.

-Instrument Setup: The XRD instrument is properly calibrated and set up. This includes
aligning the X-ray source, detector, and sample stage.

-Sample Loading: The sample should be positioned securely to ensure consistent results. Some
instruments might require sample holders or special attachments.

-Select Measurement Parameters: The measurement parameters such as the X-ray source (Cu
Ka, Mo Ka, etc.), scan range (20 angles), and scanning speed were selected. The selection of
parameters relies on the characteristics of our sample and the specific information we are aiming to
obtain.

-Data Collection: The instrument will rotate the sample holder while the X-ray source emits
X-rays. As the X-rays interact with the crystal lattice of the sample, they are diffracted at specific

angles according to the lattice arrangement.51.63
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In Chapters 5, 6, and 7, the analysis of the crystallographic phases of TiO2 was conducted using
X-ray Diffraction (XRD). This analysis was performed using a Bruker D8 Advance Eco
diffractometer equipped with a Co-Ka X-ray source (wavelength A=1.7902 A). To eliminate the
presence of Kf radiation, an Fe filter was applied. The X-ray source operated at a voltage of 38kV

and a current of 25mA during the experiments.

2.2.7. Thermogravimetric analysis (TGA)

TGA is considered as a potent analytical method employed to examine how materials respond
to heat. It tracks alterations in a sample's mass as temperature (or time) changes, all while the sample
undergoes controlled heating in either an inert or reactive environment. TGA finds broad application
across diverse fields like chemistry, materials science, and quality control. Below, we delve into

TGA's operational principles and its notable characteristics:

v" Principal of TGA

The principle behind TGA is relatively simple. A small sample of the material under
investigation is placed in a crucible and heated at a constant rate or under a specific temperature
program. As the temperature increases, the material undergoes physical and chemical changes, such
as decomposition, phase transitions, or oxidation. These changes often result in the release of volatile

components or the formation of new compounds.4-¢7

v' Key Features of TGA

1) Sample preparation: TGA typically requires a small amount of sample, usually a few milligrams
to a few tens of milligrams. The sample should be homogeneous, and representative of the material
being studied.

2) Temperature control: TGA instruments have precise temperature control capabilities. The
temperature can be increased at a constant rate (heating ramp) or maintained at specific temperature
steps (isothermal). This allows for a detailed examination of the material's behaviour as a function of
temperature.

3) Atmosphere control: TGA can be performed in different gas environments, including inert gases
(e.g., N2 or Ar) or reactive gases (e.g., O2). The choice of atmosphere depends on the specific research
objectives and the material being analysed.

4) Mass measurement: TGA instruments are equipped with highly sensitive balances capable of
measuring minute changes in mass. As the sample undergoes thermal changes, the balance records

the mass loss or gain, which is plotted as a function of temperature or time.
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5) Data Analysis: TGA data is analysed to extract valuable information about the material's properties.
Common analyses include determining decomposition temperatures, identifying phases or

components, quantifying the amount of volatile matter, and assessing thermal stability.5668

v' Application of TGA

1) Material characterisation: TGA is used to investigate the composition, purity, and thermal stability

of materials, such as polymers, pharmaceuticals, and ceramics.

2) Quality control: It is employed in quality control processes to ensure the consistency and quality
of products.

3) Kinetic analysis: TGA data can be used to determine reaction kinetics and activation energy for
chemical processes.

4) Environmental studies: TGA can assess the thermal behaviour of materials in various
environmental conditions, including oxidative and corrosive atmospheres.

In summary, Thermogravimetric Analysis (TGA) is a versatile technique that provides insights
into the thermal behaviour of materials. By monitoring changes in mass as a function of temperature
or time, TGA helps researchers and analysts understand the decomposition, stability, and composition
of substances, making it a valuable tool in both research and industry.546°

In Chapters 5 and 7, TGA, carried out using a Perkin EImer 8000 instrument, was employed to
quantify the weight reduction of the samples over temperature. The samples underwent annealing,
starting from room temperature and progressing up to 900 °C. The annealing process was carried out
at a heating rate of 10°C per minute in a N2 environment. This analysis yields insights into various
physical processes, such as absorption, phase transitions, desorption, and adsorption. In addition, it
provides insight into chemical processes such as chemisorption, and thermal decomposition and solid-

gas reactions.
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CHAPTER 3: EXPERIMENTAL DESIGN AND STATISTICAL
ANALYSIS

3.1. Background

Experimental design plays a pivotal role across various fields of science and industry. It
involves the deliberate application of treatments to experimental units, forming a crucial part of the
scientific method centred around measuring one or more responses. Effective experimentation
necessitates a thorough understanding of the process and system operations. To achieve conclusive
outcomes, an experimenter must plan and design experiments, followed by a comprehensive analysis
of the results. Among the methodologies frequently employed for optimisation, response surface
methodology (RSM) holds a prominent position. This approach is particularly advantageous as it
enables the assessment of the effects of multiple factors and their interplay on one or more response
variables. As such, it serves as a valuable tool in research and problem-solving.'To achieve this, RSM
is employed in conjunction with central composite designs (CCD) to assess different phenomena
comprehensively. RSM and CCD techniques have gained extensive application in diverse
engineering domains, including water treatment processes, due to their ability to streamline
experimental efforts. This strategy reduces the need for a large number of experiments, resulting in
notable reductions in costs and time associated with the study and analysis of process conditions and
the interactions between the selected parameters.?

When undertaking research using the RSM and employing statistical software and
programming language like Design Expert, MINITAB, SPSS, or Python, the process generally
involves four key steps:®

1. Designing experiments: The initial step is to plan and design a series of experiments that
vary the input variables or factors within a defined range. These experiments should cover a
broad enough spectrum to capture the response surface and the relationships between

variables.

2. Statistical analysis and model development: After conducting the experiments and
collecting the corresponding data, a statistical analysis is performed. This involves fitting
mathematical models to the data that describe how the response variable(s) change as a
function of the input variables. The aim is to create a predictive model that accurately captures

the system's behaviour.

3. Model optimisation and validation: With the mathematical model in place, optimisation

techniques are employed to find the optimal conditions for the desired response(s). These
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optimal conditions can be identified through mathematical calculations or graphical
representations of the response surface. Once these optimal conditions are determined, they

should be validated through additional experiments or simulations.

4. Finding the optimal point: The goal of RSM is to identify the optimal combination of input
variables that lead to the desired response(s). This involves refining the conditions to
maximize or minimize the response, based on the established mathematical model. The
optimal point signifies the best set of input variables for achieving the desired outcome.

The utilisation of the RSM in recent photocatalysis *’studies has garnered significant attention
among researchers.®*! The systematic procedure that should be adhered to when employing this
method accurately is outlined in Figure 3.1.% This comprehensive approach enables researchers to

navigate through the intricacies of optimizing extraction processes effectively.?

3.2. Design of Experiment (DOE)

DOE, which stands for Design of Experiments, is a systematic approach used in research and
industrial works to optimize processes, improve product quality, and make informed decisions based
on experimental data. DOE plays a vital role in various fields, including engineering, manufacturing,
chemistry, biology, and social sciences. DOE helps to maximize the use of available resources, by
systematically planning and conducting experiments. It allows researchers to obtain insights using a
minimal number of experiments, saving time, and reducing costs. Also, DOE enables researchers to
identify the most influential factors affecting a process or products. By systematically varying and
controlling these factors, researchers can determine which ones have a significant impact and
prioritize their efforts for optimisation or improvement.1?-15

DOE helps to identify the optimal settings or conditions for process variables or product
parameters that lead to the desired performance or quality. By systematically varying the factors and
analysing the results, researchers can pinpoint the settings that result in the best outcomes, allowing
for process optimisation and improved product quality. Finally, DOE allows for the study of
interactions between independent factors or variables. It helps researchers understand how different
factors interact with each other and whether their combined effects are additive, synergistic, or
antagonistic. This knowledge is critical for understanding complex systems and developing effective

strategies for improvement.16:1
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Figure 3.1. Steps for response surface methodology?

Overall, DOE is important because it offers a systematic and efficient approach to
experimentation, enabling researchers to gain valuable insights, optimize processes, improve product
quality, and make data-driven decisions. It helps organizations save resources, enhance performance,
and drive innovation in various fields.1’-19

Within the framework of RSM, two principal experimental designs are widely utilised: Box-
Behnken designs (BBD) and Central Composite Design (CCD).! Recent improvements in
optimisation studies have included the integration of alternative designs like the Central Composite
Rotatable Design (CCRD) and Face Central Composite Design (FCCD)! to further expand the

investigation of optimal conditions.?0-?2
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3.3. Response Surface Methodology (RSM)

Response Surface Methodology (RSM) is a statistical technique employed to model and
optimize the intricate systems. It is particularly useful when the relationship between several input
variables and an output response is nonlinear. RSM involves designing a series of experiments to
explore the response of a system under different combinations of input variables. By analysing the
data obtained from these experiments, mathematical models are developed to describe the relationship
between the input variables and the response. The primary objective of RSM is to determine the best
possible values for the input variables that yield the desired response. Typically, this is accomplished
by employing statistical methods like regression analysis to fit the data to a mathematical model. This
model can subsequently forecast the response for various input variable combinations, enabling the
identification of settings that maximize the desired outcome. RSM is widely used in various fields,
including engineering, manufacturing, chemistry, and pharmaceuticals, to optimize processes,
improve product quality, and reduce costs. It allows for efficient exploration of the parameter space
and provides insights into the interactions between variables, enabling informed decision-making and
process improvement. Overall, RSM provides a systematic approach to understand and optimize
complex systems by using statistical models and experimental design principles.?®24

RSM was introduced in 1991 by George E. P. Box and K. B. Wilson.?® This approach is a
mathematical and statistical tool employed to model and analyse processes where the outcome of
interest depends on several variables.?®27 Its primary goal is to optimize this outcome efficiently.
RSM can attain optimal conditions cost-effectively, eliminating the need for extensive experiments.
Additionally, it can readily identify variable relationships by visualizing responses under various
scenarios. In this context, the parameters responsible for influencing the process are referred to as
independent variables, while the outcomes are termed dependent variables.!

RSM is employed to establish a proper approximated relationship between output and input
variables. Its aim is to precisely identify the best operational conditions for the system under
investigation or to determine a region within the parameter space that meets the operational
requirements, 29

The gathered experimental data are subjected to rigorous evaluation, aiming to fit a suitable
statistical model. This model can assume various forms such as Quadratic, Linear, Cubic, or 2FI (two-
factor interaction). The coefficients of this model encompass the constant term, A, B, and C,
representing linear coefficients for independent variables, followed by AB, AC, and BC, symbolizing
interactive term coefficients. Furthermore, A2, B2, and C? denote the quadratic term coefficients. After
accurately fitting a quadratic model, the coefficients obtained are used to assess the effect of each

parameter on the studied response. To discuss the linear or quadratic effect and to check the
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interaction between certain parameters, the derivative of the mathematical model obtained according
to the studied parameters will be used. To assess the adequacy of the model, several metrics are
employed. These include the correlation coefficient (R?), the adjusted determination coefficient (Adj-
R?), and the measure of adequate precision. The model is deemed adequate under specific conditions:
its P-value is less than 0.05, the P-value for lack of fit is greater than 0.05, and R? exceeds 0.95.
Statistical significance regarding differences between means is evaluated through the application of
analysis of variance (ANOVA).® This robust analytical approach ensures a comprehensive scrutiny
of the model's suitability and the significance of identified effects.

In summary, conducting research using RSM with statistical software involves these steps:
designing experiments, developing, and validating a mathematical model, optimizing conditions, and
identifying the optimal point for achieving the desired response(s). This approach allows researchers
to efficiently explore and optimize complex processes by analysing the interactions between multiple
variables and their impact on the response.

Coding is done according to Equation (3.1)3.

Xi = Xi— XeplAX; i=1,2,3,...,k

Where x; is the dimensionless value of the independent variable, X is the actual value of the
independent variable, Xcp is the actual value of the independent variable at the centre point, and AXi
is the step length.

In RSM, the relationship between the independent variables (input factors) and the response
variable (Y) is expressed through a functional process. This relationship is based on the dimensionless
values of the independent variables, denoted as x;, and their corresponding real values, denoted as Xi.
The real value of the independent variable at the centre point is represented as X¢,, and AX; signifies
the step length for each independent variable.

The functional process that analyses the responses (Y) is contingent on the input factors xi, X2,
..., Xx. The relationship between the response variable and the input process parameters is expressed
in the following Equation (3.2)%:

Y =f(x1, X2, ..., Xg) T €
In this equation:

e Y represents the response variable of interest.

e f(x1, X2, ..., Xx) 1s the true response function, which describes the systematic relationship

between the input factors and the response variable.

« e stands for the error value, which accounts for random variations and discrepancies between

the true response function and the actual observed response.
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In the context of RSM, the aim is to develop a mathematical model (often represented by a
polynomial equation) that captures the underlying relationship between the input factors and the
response variable. This model can then be used for optimisation and prediction purposes, enabling
researchers to identify optimal conditions for achieving desired responses based on the input
variables.

The standard model employed in the response surface methodology can be expressed using the
following Equation (3.3):224

Y = Bo+ Bixi + Paxz + ..+ Pixic + Puixa® + Pazxa? + ... F Pucxi® + Praxaxe + Pisxixs + ..+ BiXixjt+ e

In this equation:

Y represents the response variable being studied.
e Xi, Xz, ..., Xk denote the independent variables (input factors) under investigation.

e o is the intercept term, which accounts for the baseline value of the response when all

independent variables are at their reference levels.

« [ represents the linear coefficients that indicate the impact of each individual independent

variable on the response.

e [ijsymbolizes the coefficients associated with interaction terms, reflecting how the joint effect

of two independent variables influences the response.

e P signifies the quadratic coefficients, which represent the effect of squared values of

independent variables on the response.
e k denotes the number of independent parameters being considered.

e e represents the error term, encompassing random variability and unaccounted influences on

the response.

This equation enables the creation of a mathematical model that encapsulates the connection
between the independent variables and the response variable. This model can subsequently be
employed for prediction, optimisation, and gaining insights into how various factors affect the

response.

3.4. Analysis of Variance (ANOVA)

ANOVA is based on the concept of variance, which measures the variability within each
treatment group and the variability between treatment groups. The main idea is to assess whether the
differences between group means are greater than what would be expected due to random chance.

ANOVA produces an F-statistic and associated p-value that indicate whether the observed differences
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between group means are statistically significant. A p-value less than a predetermined significance
threshold (often 0.05) suggests significant differences among groups. ANOVA is widely used in
various fields, including social sciences, biological sciences, psychology, and business, to analyse
and compare group means and investigate the effects of different factors on a response variable. It is
an important tool for hypothesis testing and drawing conclusions from data with multiple groups or

treatments.24:33

3.4.1. p-value

The p-value, also known as the probability value, is a statistical tool used to gauge the degree
of evidence against a null hypothesis. It quantifies the probability of observing the provided data or
results that are even more extreme, assuming the null hypothesis to be valid. In hypothesis testing,
the null hypothesis (HO) represents the default or no-effect scenario, while the alternative hypothesis
(H1) represents the desired or alternative outcome. The p-value serves as a tool to evaluate how
probable it is to obtain the observed data assuming the null hypothesis is true. When the p-value is
small (below a predetermined significance threshold, often 0.05 or 0.01), it indicates robust evidence
against the null hypothesis. In such instances, the observed data are deemed statistically significant,
and typically, the null hypothesis is discarded in favour of the alternative hypothesis. Conversely,
when the p-value is large (above the significance threshold), it suggests that the observed data are
likely to occur if the null hypothesis is accurate. In this scenario, there is insufficient evidence to
reject the null hypothesis, and it is not considered statistically significant.®*

It is vital to understand that the p-value doesn't convey details about the magnitude or practical
significance of the observed effect. Its sole purpose is to gauge how strongly the evidence contradicts
the null hypothesis, relying on the available data. Furthermore, it is essential to interpret the p-value
while considering factors like the study's design, sample size, and the hypotheses under examination.
It is always recommended to consider the p-value in conjunction with other relevant statistical
measures and to interpret the results cautiously, taking into account the limitations and assumptions

of the statistical analysis.'83®

3.4.2. 3D plots

In RSM, 3D plots are often used to visualize the relationships between multiple input variables
and the response variable. These plots provide a graphical representation of the response surface,
showing how the response changes as the input variables vary. 3D plots may vary depending on the
experimental data and applied RSM model. They offer several important benefits and contribute to
the understanding and analysis of the relationship between multiple independent variables and the

response variable. 3D plots allow for a comprehensive visualisation of the response surface, which
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represents how the response variable changes as the independent variables vary. They provide a clear
and intuitive representation of the complex relationship between the variables, allowing researchers
to identify patterns, trends, and regions of interest. Also, by examining the 3D plot, researchers can
identify the combinations of independent variables that optimise the response variable. Peaks or
valleys in the response surface indicate regions of maximum or minimum response, respectively,
helping researchers determine the optimal settings for the variables to achieve the desired outcome.3®
3D plots enable the detection of interactions and curvature between the independent variables.
Interactions take place when the impact of one variable on the response is influenced by the level of
another variable. Curvature indicates nonlinear relationships. By visualising the response surface in
3D, researchers can identify the presence of these interactions and curvature, which may have
implications for process optimisation and understanding the underlying system behaviour.?

In summary, 3D plots in RSM provide a visual representation of the response surface, enabling
researchers to understand complex relationships, identify optimal conditions, assess interactions and
curvature, and effectively communicate findings. They serve as valuable tools for data exploration,

analysis, and decision-making in the context of experimental design, optimisation, and modelling.

3.4.3. Perturbation

Perturbation, or perturbation analysis, is an important technique used in RSM. It involves
intentionally varying the levels of independent variables around their optimal values to understand
the sensitivity and robustness of the response surface. Perturbation analysis provides valuable insights
into the behaviour of the system and helps researchers make informed decisions. Perturbation analysis
allows researchers to assess the sensitivity of the response surface to changes in independent
variables. By systematically perturbing the variables around their optimal values, researchers can
observe how variations in the inputs affect the response. This information helps identify which
variables have the most significant impact on the response and which are less influential. Perturbation
analysis is crucial for validating the mathematical models developed in RSM. By comparing the
predicted responses from the models with the actual responses obtained by perturbing the variables,
researchers can assess the accuracy and reliability of the models. If the predicted and observed
responses match closely, it provides confidence in the model's ability to represent the real system.%’

Perturbation analysis provides insights into the trade-offs and decision-making process in RSM.
By analysing the response surface under perturbed conditions, researchers can identify potential risks
and constraints associated with the optimisation process. Perturbation analysis helps determine the
regions of the response surface that are more sensitive to changes, and guides decision-making

regarding the acceptable range of input variables for achieving the desired response.®
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In summary, perturbation analysis plays a crucial role in RSM by providing insights into
sensitivity, model validation, robustness assessment, decision-making, and process improvement. It
helps researchers understand the behaviour of the system, validate models, make informed decisions,

and optimize processes effectively.

3.4.4. What is python?

Python, a high-level, versatile programming language, was created by Guido van Rossum in
1991. It is renowned for its simplicity and readability, making it a preferred choice among
programmers, both novices and experts. Python boasts a thriving and engaged community that
actively contributes to its extensive standard library, which encompasses a wide array of modules and
packages for diverse applications like web development, data analysis, machine learning, and more.
Furthermore, this community maintains a vast ecosystem of third-party libraries, rendering Python a
versatile and potent tool across various domains. Python's syntax is intentionally designed to be
straightforward and easy to read, ensuring accessibility for beginners. Also, Python comes with a
comprehensive standard library that provides ready-to-use modules for many common tasks. Python
packages are collections of modules, functions, classes, and resources that are organized together to
provide specific functionality or solve problems. Packages in Python help in structuring and
organizing code, making it easier to manage and reuse.

Python provides several powerful libraries and packages for statistical analysis, making it a
popular choice for data scientists, statisticians, and researchers. Here are some ways Python can be
used for statistics: 1. NumPy: NumPy is an essential package for scientific computing in Python. It
provides efficient numerical operations and multidimensional array objects, which are the building
blocks for many statistical computations. NumPy offers functions for statistical calculations, such as
mean, median, variance, standard deviation, and correlation. 2. pandas: pandas are a versatile library
for data manipulation and analysis. It introduces two key data structures, Series (1D) and Data Frame
(2D), which are highly useful for working with structured data. pandas provide a wide range of
statistical functions and methods for descriptive statistics, data aggregation, grouping, sampling, and
more. It also supports time series analysis. 3. SciPy: SciPy is a comprehensive library for scientific
computing that includes several sub-packages relevant to statistics. It provides functions for
probability distributions, hypothesis testing, statistical modelling, regression analysis, and
optimisation. The sub-package SciPy. Stats offers a wide range of statistical distributions and
statistical tests. 4. Stats Models: StatsModels is a Python library specifically focused on statistical
modelling and testing. It provides a user-friendly API for performing various statistical analyses,
including linear regression, generalized linear models, time series analysis, ANOVA, and more. Stats

Models also offers functionality for statistical inference, hypothesis testing, and model diagnostics.?%
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In summary, Python is an immensely important programming language that has gained
tremendous popularity and widespread adoption across various fields. Python’s importance lies in its
ability to empower developers, researchers, and businesses with the tools they need to solve complex
problems efficiently and effectively. Its wide-ranging applications, supportive community, and

simplicity have made it a cornerstone of modern software development.?°

3.5. Data Analysis for photocatalytic dye degradation using RSM

According to the above-mentioned benefits of data analysis, the photodegradation results of
most effective photocatalysts in methyl orange (MO) dye were analysed using RSM. This
investigation involved varying three independent factors: A) denoting the concentration of MO dye
(in ppm), B) representing the amount of catalyst (in mg), and C) indicating the reaction time (in

minutes). These variables and their respective levels are detailed in Table 3.1.

Table 3-1.Experimental and coded levels of the selected factors.

Levels
Factor Unit Code for each factor Coded
-1 0 +1

levels

MO concentration ppm A Min Mid Max
Actual

Catalyst amount mg B Min Mid Max
levels

Time min C Min Mid Max

Table 3.1 delineates the presence of three distinct coded levels and corresponding actual levels
for each parameter. This coding strategy spans from -1 (representing the minimum value) to +1
(indicating the maximum value) and serves the purpose of rendering all parameters dimensionless,
thus facilitating a comprehensive observation of their interrelationships. Table 3.1 shows that
minimum and maximum values were selected separately for each catalyst based on preliminary tests.

To accomplish this, the central composite design (CCD) methodology was harnessed,
employing custom Python codes written using version 3.10.7, along with various libraries, including
NumPy, Pandas, and more. The overarching objective was to strategically formulate a minimal set of
experiments that would focus on the most photoactive nanocomposite, the SMTiO2/Aug NCs in
Chapter 6 and the black NMTiO2/Aug NCs in Chapter 7. As detailed in Table 3.2, the culmination of
these efforts resulted in a total of fifteen essential experiments. Table 3.2 presents the experimental
conditions and degradation details for each catalysis, along with the predicted values for MO

degradation to assess RSM prediction quality.
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Table 3-2. Centre composite design with experimental and predicted responses

Factor 1 Factor 2 Factor 3 Response RSM

A:MO C. B:Cat. C:Time Deg. Deg
ppm mg Min % %
Min Min Min - -
Max Min Min - -
Mid Mid Min - -
Min Max Min - -
Max Max Min - -
Mid Min Mid - -
Min Mid Mid - -
Mid Mid Mid - -
Max Mid Mid - -
Mid Max Mid - -
Min Min Max - -
Max Min Max - -
Mid Mid Max - -
Min Max Max - -
Max Max Max - -

The degradation percentage was determined using the formula provided as Equation 3.4, where
the variables Co and Ctrepresent the initial concentration of MO and the concentration at the time of

measurement (in ppm), respectively.
D(%) = =2 x 100
0

After gathering experimental data, a mathematical relationship between various parameters and
the degradation of MO dye was established. The quality of the curve fitting was assessed using
statistical measures such as P-values and R-squared (R?) values. Subsequently, perturbation and three-
dimensional (3D) plots were generated. Through a detailed analysis of these curves, the impact of the
examined parameters on the degradation of MO dye was investigated. Furthermore, the interaction
between these parameters was explored by examining the three-dimensional curves and conducting
an analysis of variance (ANOVA). This comprehensive approach allowed for a deeper understanding

of how different factors influence the degradation process and how they may interact with each other.
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CHAPTER 4: PREPARATION OF PHOSPHINE-STABILISED AUq
NANOCLUSTERS AND THEIR CHARACTERISATION BY MASS
SPECTROMETRY, 3PNMR, AND UV-VIS

4.1. Abstract

This research focuses on the preparation and characterisation of atomically precise Aug
nanoclusters (Aus NCs) protected by triphenyl phosphine ligands. The Aug NCs were chemically
prepared and subjected to a comprehensive analysis utilising UV-Vis spectroscopy, 3P NMR, and
mass spectrometry to accurately determine their structural characteristics. Notably, it was observed
that a change in solvent from methanol to chloroform or other chlorine-containing solvents led to the
agglomeration of the Aus NCs. Consequently, methanol was chosen as the primary solvent for all
subsequent analyses. The UV-Vis analysis revealed spectral characteristics which are consistent with
those previously reported for Aug NCs. Mass spectrometry patterns indicated the presence of fractions
stemming from the same Aue NC structure. Furthermore, 3P NMR spectroscopy provided crucial
chemical shift data associated with the Aus NCs. The results presented herein unequivocally
demonstrate the successful synthesis of Aug NCs, laying the foundation for further investigations into

their distinct characteristics and possible applications.

4.2. Introduction

Au nanoclusters (Au NCs) have garnered significant interest in the field of nanotechnology
owing to their distinctive size-dependent physical and chemical features. There are discrete, quantised
conduction and valence bands in such small particles due to spatially confined charge carriers. As a
result of the evolution of Au nanoclusters (Au NCs) from bulk state to discrete molecular orbital
levels, they can be used for nano- and molecular devices.!-

Au NCs are divided into naked clusters and ligand-stabilised clusters. Under vacuum
conditions, naked clusters are often generated and studied as they have no ligand stabilisation. In
contrast, ligand-stabilised Au NCs are typically synthesised by wet chemistry. Organic ligands
surround the metal core, stabilising the cluster both sterically and electronically. There are several
ligands commonly used in Au clusters, including isocyanides, carbon monoxide, halides, phosphine,
thiol, and hydrides®.

Phosphine ligand-stabilised Au NCs, which have incredible physical properties, rely heavily on
the protecting phosphine ligands and the size of the Au cores.”° In the same way as ligands can
control cluster sizes, Au clusters can change their geometries by interacting with ligand molecules,
possibly because of charge transfers caused by ligand-Au interactions that weaken Au—Au bonds. By

removing the ligand from metal clusters through techniques such as reactions with peroxides,
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calcination in a controlled atmosphere, and heating under vacuum, naked-metal clusters with
enhanced catalytic activity can be generated.!-13

In addition to cluster size, geometry, and electronic structure, ligand concentration and
configuration also affect nanostructure catalytic activity. The electronic structure of ligand-protected
AuX (X < 10) clusters immobilised onto surfaces can be difficult to characterise experimentally;
however, there is still a limited amount of information available.41

A mass spectrometer (MS) can determine the formula of a molecule by measuring the size of
its core, identifying its protective ligand, and determining the structure of its ligands simultaneously.
716 As a technique, mass spectrometry has been challenged by the unique characteristics of ligand
protected Au NCs. As challenges are overcome, mass spectrometry has become increasingly used in
the analysis of small Au NCs.1718

For this study, the focus was on the triphenyl phosphine stabilised Aus NCs, Aug(PPh3z)s(NQO3)s,
which was chemically prepared with relatively high yields, and several techniques were used to
determine their structures precisely. This study described the mass spectrometer (MS) technique
alongside other techniques like UV-Vis and 3P NMR to characterise the triphenyl phosphine
stabilised Aus NCs. The effect of using various solvents on the size of Aus NCs and 3P NMR

chemical shifts was also investigated.

4.3. Preparation of phosphine ligand stabilised Aug nanocluster (NCs)

All basic laboratory chemicals (solvents, AgCl, Tetrachloroauric acid, Triphenylphosphine, and
AgNOs AR grade) have been purchased from Sigma-Aldrich and used without further purification.
A freezer without light was used to store all prepared products.

4.3.1. Preparation of Au(PPhs)CI:

The protocol used in this study was adapted from Malatesta et al.'® A solution of
tetrachloroauric acid (2.010 g, 5.102 mmol) in 10 ml of absolute ethanol was added rapidly to
triphenylphosphine (2.65 g, 10.10 mmol) dissolved in 75 ml of absolute ethanol, stirring at 500 rpm.
This addition led to the disappearance of the yellow colour of the solution and the formation of a
white precipitate. The resulting mixture was vigorously stirred at 1000 rpm for 15 minutes to ensure
complete reaction. Afterward, the reaction mixture underwent centrifugation (5 minutes, 5000 rpm)
to collect the white product. This solid product was then subjected to three washes with 20 ml portions
of hot ethanol, using a sintered glass funnel filter with a porosity rating of 3. Following the dissolution
of the solid product in 30 ml of chloroform, the solution was filtered, and the solvent was subsequently

evaporated under reduced pressure. The obtained product was dried using a vacuum desiccator. For
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further purification, the desired products were recrystallised from a combination of dichloromethane
and methanol applying vapor diffusion, leading to the formation of needle-like white crystals.”2°
Yield: 3.11 g, 92 %. 3P NMR (CDCLs, 25 °C); & 33.16 ppm referenced to HsPOa.

4.3.2. Preparation of AuPPh3(NO:s):

The preparation of the powder AuPPh3(NO3) sample followed the synthesis procedure reported
by Mueting et al.?* An Au(PPhs3)CI (3.973 g, 8.042 mmol) solution in chloroform (50 ml) was rapidly
mixed with an AgNOs (3.430 g, 20.191 mmol) solution in 130 ml of ethanol and stirred for one hour
in a covered reaction vessel by Al foil. To remove the AgClI by-product, a sintered glass funnel filter
was used (porosity 3), and the solvent of filtrate was slowly evaporated at room temperature in a
rotary evaporator. 50 ml of ethanol was used three times to wash the crude product. The obtained
clusters were dissolved in 50 ml of dichloromethane, followed by 150 ml of ethanol. The
dichloromethane fraction was then removed by bubbling the solution for a few hours with nitrogen
flow. Filtered white crystals were rinsed by cold ethanol (3 x 5 ml) and cold diethyl ether (3 x 5
ml).720

Yield: 3.75 g, 88 %. 3P NMR (CDCLs, 25 °C); 8 25.2 ppm referenced to HaPOa.

4.3.3. Preparation of Aug(PPhs)s(NO3)s:

Triphenyl phosphine-stabilised Aus NCs, denoted as Aug(PPhs)s(NOs)s, were prepared
following the procedure outlined by Wen et al.*? Initially, a solution of 0.072 g NaBH4 (1.92 mmol)
in 92 ml of ethanol was combined with a solution of Au(PPh3)NOs (4.0 g, 7.6 mmol) in 160 ml of
ethanol. After filtration to remove insoluble impurities, the solvent was separated from the solution
using a rotary evaporator. Remarkably, within a span of 2 hours, the solution acquired a deep red
colour. The resulting solids were dissolved in 20 ml of CH2Cl2 and subsequently filtered through a
sintered glass filter funnel with a porosity rating of 3. The solvent was removed using a rotary
evaporator, yielding a black precipitate that underwent washing with 50 ml of THF. Following this
rinsing step, a dark green solid remained, which was further subjected to washing with THF (3 x 50
ml) and hexanes (3 x 50 ml). To obtain the final product, the precipitate was crystallised by gradually
diffusing diethyl ether into methanol at 4 °C within a five-day period, resulting in the formation of
dark green crystals.”?°
Yield 1.32 g, 37 %. 31P NMR (CD30D, 25 °C); 6 57.77 ppm referenced to H3POa.

4.4. Result and discussion

4.4.1. Characterisation methods:
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The identity of the clusters was confirmed by the characterisation methods 3P NMR, UV-Vis,
and Positive ESI-TOF mass spectrometry. Recrystallisation of the clusters was carried out twice to
achieve a higher purity before characterisation. However, when characterising Aug NCs, there were
two important problems: 1- finding a suitable solvent for 3:PNMR and 2- finding good conditions for
mass spectrometry.

Information on the structure of the prepared triphenyl phosphine stabilised Au NCs can be
obtained by 3P NMR which was recorded using a Varian INOVA spectrometer and deuterated
solvents were purchased from Cambridge Isotopes. To characterise Au NCs and NPs using NMR
spectroscopy, the ligand shell and the core nature must be taken into consideration. Due to the
widening of the phosphorous peak, 3P NMR will not be applicable to larger Au NPs and will not
show any phosphorus in the baseline. On the other hand, for atomically precise Au NCs rather than
larger NPs, 3P NMR provides more valuable information on the structure because the associated
chemical shift of phosphorus from the ligand allows us to distinguish between the specific cluster
species present in solution. Although 3P NMR s a crucial tool used in this study to characterise the
various Au phosphine clusters, the challenging part of this analysis was selecting the solvent type.1022
Figure 4.1 shows that when CDClIs was used as a solvent, one doublet with chemical shifts of 56.56
ppm and 66.90 ppm were formed while by changing the solvent to CD3OD, a single peak with
chemical shift of 57.77 ppm was observed. To further investigate, a mixture of CDCls and CD3sOD
was also employed in characterising the Aug NCs. This resulted in a single peak appearing at a distinct
chemical shift of 45.78 ppm, which differed notably from the initial peak observed in methanol at
57.77 ppm. This disparity may stem from the possibility of either partial or complete agglomeration
of the Aug NCs due to their exposure to this solvent blend. This phenomenon could potentially lead
to a loss of the purity of the product. However, it is worth noting that the NMR data for the 3P ion,
obtained in pure deuterated methanol, exhibited a singular peak that can be attributed to phosphorus
binding to the Aus NCs. This finding aligns with previously reported result’?° (See Figure 4.1).

Specific cluster species in solution can be identified using the chemical shifts of the
phosphorous peak associated with the ligands. 3P NMR chemical shifts of the different types of Au
NCs synthesised in this work with different sizes and counter ions were summarised in Table 4.1

(Figure 4.2). They are consistent with the references listed in the same Table 4.1.

Table 4-1. Experimental 3P NMR isotropic chemical shifts and solvents
Chemical shift (3'P),

Clusters Solvent Reference
ppm

AuPPh3(CI) CDCLs 33.16 1

AUPPh3(NO3) CDCLs 27.33 21

Aug(PPh3)s(NOz)3 CDs0OD 57.77 12
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Augs NCs are studied optically using UV-Visible spectroscopy. It is possible to distinguish
nanoparticles and clusters using UV-Visible spectroscopy. The absorption spectra were collected
from 230 to 800 nm. The molecular-like optical properties of Aug NCs display distinct peaks in the

absence of the characteristic peak of the surface plasmon resonance (LSPR) which is a feature of

larger Au NPs with metallic state.?

UV-Vis was used to determine the Aug(PPhs)s(NOs)s structure. Figure 4.3 shows a UV-Vis

spectrum in methanol solution including three faint shoulders, centered in 354, 384 and 450 nm and
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one sharp peak centered in 319 nm, that are in agreement with the reference sample peaks confirming

successful synthesis of Aug NCs.2
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Figure 4.3. UV-Vis spectra of prepared Aus cluster and reference sample

Characterisation of the product distributions were performed using a positive ESI mode on
Waters Synapt HDMS. Following preparation, mass spectrometry played a significant role in
detection of accurate formula and structure of developed Aug NCs. TOF-MS is considered a high-
resolution method, providing precise information on the formula and mass of the substances
undergoing separation.?* The extended ion path within the flight tubes facilitates the differentiation
of compounds with subtle variations in their mass and charge. This technique is proper for compounds
containing low and high mass, as the flight tube length can be enhanced by adding a reflector. This
enhanced length can enable separation of very high mass substances. As a result, the resolution of the
instrument can be increased by focusing the ions of the same mass with different speed to charge
ratio.?42°

The most challenging part of this study was establishing an appropriate solvent and conditions
for MS analysis that produced reasonable data, since this type of MS spectrometer has not yet been
reported for Au NCs characterisation.

In this successful procedure, mass range was 500-4000 m/z. The heater on the source inlet was
maintained at 80 °C but desolvation temperature was set on 150 °C. lons were sprayed at 2.25 kV
using Ar carrier gas. Solutions of the raw synthetic mixture of Aug NCs were prepared using UHPLC
grade methanol. External mass calibration was conducted by introducing sodium iodide (2 pug/uL)
through injection. Values of m/z, and high-resolution MS intensity for Aus NCs were summarised in
Table 4.2. The data in Table 4.2 and a pattern for molecular ion peak for the [Aug(PPhs)s]s* in Figure
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4.4 show the Aug NCs has been successfully synthesised as they are consistent with what has already

been reported.?

Table 4-2. Values of m/z, and intensity Aus NCs fragments using high-resolution
positive ESI-TOF mass spectrometry.

Mass/ Charge Intensity
1289.8 63
1290.13 100
1290.47 73
1290.81 35
1291.16 16
1291.5 6
1291.81 4
1292.13 4
1292.48 5
1292.81 55
1293.15 6.2
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Figure 4.4. Molecular ion peak for the [Aus(PPhs)g]®*

m/z

4.5. Conclusion

In this study, UV/Vis spectrum,>PNMR, and MS analyses were used to show that Aug NCs
were successfully synthesised. Mass spectrometry also used as one of the most powerful analytical
tools available to determine the accurate formula of the developed nanoclusters. It provided
information that is essential for understanding the properties of new materials containing nanoclusters

in future projects. This development has dramatically influenced our comprehension of tiny atomic
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nanostructures, laying the foundation for the increasing curiosity surrounding their exceptional

catalytic characteristics.
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CHAPTER 5: TAILORING AUy NANOCLUSTER SIZE VIA TIO:
SURFACE MODIFICATION: INSIGHTS FROM XPS ANALYSIS

5.1. Abstract
Triphenylphosphine ligated Aug nanoclusters, Aus(PPhs)s(NOs3)s, were deposited onto (3-

mercaptopropyl) trimethoxysilane (MPTMS) modified and unmodified mesoporous screen printed
TiO2. The presence of thiol groups was determined using FTIR, TGA, EDS, and XPS analysis.
Through XPS it was found that S modified MTiO2 (SMTIiOz2) surfaces increase the ratio of Aug
nanoclusters (Aus NCs) by a factor of 10 and prevent the Aug cluster agglomeration after deposition

and annealing.

5.2. Introduction

Metal clusters of various sizes, from a few to about a hundred atoms, are smaller than metal
nanoparticles. In nanoclusters (NCs) sized smaller than 1.5 nm, the surface area-to-volume ratio is
greater than nanoparticles providing more active sites. The unique features of metal clusters allow
them to be used in diverse applications due to their size, stability, electronic, and catalytic
characteristics. When particles grow larger, transitioning into the nanoparticle size range, typically
exceeding around 100 atoms in size, they shift from cluster-like properties to displaying more metallic
behaviour. Like molecules, clusters feature discrete electron energies, as opposed to bulk metals®-3,
NCs are of interest for modifying semiconductor surfaces because they can act as co-catalysts,
increasing the lifetime of the electrons and holes generated through light absorption of the respective
semiconductor. This can improve the function of the semiconductor as a photocatalyst by enhancing
its reactivity and optical properties.*

In the present work, phenyl phosphine-protected Aug nanoclusters (PPhs-Aus NCs) are used as
ligand-protected Au nanoclusters. Au nanoclusters (Au NCs) have sparked significant interest owing
to their distinct electronic and catalytic features, which can be adjusted by altering the ligands and
the quantity of gold atoms within the cluster. Researchers have identified several common types of
ligand-protected Au NCs based on their structural features and ligands, including thiolate-protected
Au NCs, protein-protected Au NCs, polymer-protected Au NCs, DNA-protected Au NCs, and
phosphine-protected Au NCs. These ligands play a crucial role in controlling the size, structure, and
properties of the Au nanoclusters.>® PPhs-Au NCs with bulky or electron-donating ligands have
weaker binding energies for the attachment of the ligands to the Au core surfaces than other ligand-

protected Au NCs. Therefore, they tend to be easily removed.®1°
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To create an efficient photocatalytic system, ligands must often be removed via heat treatment
such that the Au cluster cores are in direct contact with the semiconductor surface and that the
reactants can be in contact with the Au cluster core °°. However, this process can cause an undesired
increase in Au cluster size, as they can be agglomerated by heat treatment and lose their unique
properties.

To maximize the efficiency of photocatalytic systems, controlling the size of Au NCs attached
to the semiconductor surfaces is crucial. Additionally, photocatalytic efficiency can be improved by
optimising the amount of Au NCs loaded onto semiconductor surfaces.*?-14

To address these two issues, a range of procedures on semiconductor surfaces have been applied
to reduce the agglomeration of the clusters for enhancing the activity of the photocatalysts. Reducing
agglomeration can be achieved through two types of modification: i) morphological modification and
ii) chemical modification.

Morphological modification can be achieved by using porous networks, reducing Au
nanocluster mobility during deposition and the heating process. Mesoporous TiO2 (MTiOz2) has
superior photocatalytic activities over other forms of TiO2, as it has a large surface area, an
appropriate pore size, and a high degree of crystallinity. The mesoporous structure of TiO2 provides
a network of interconnected pores which may prevent Au nanocluster mobility and thereby prevent
their agglomeration.>-7

Chemical modification of the substrate surface can be obtained by incorporating additional
components onto the semiconductor surfaces for binding the clusters and reducing their mobility. Au
nanocluster cores and semiconductor surfaces can form a stronger complex when these functional
groups are present.’® S functionalisation is a chemical modification technique that can be used to
improve the Au nanocluster attachment to MTiOz surfaces. In this approach, a thiol (-SH) functional
group is introduced onto the MTiO: surface through a chemical reaction, creating a surface able to
bind the Au NCs because the S atom in the thiol group binds strongly to Au.*-?* The S(sp3) hybrid
orbitals form covalent bonds with Au(6s) electrons through a sp3-type hybridisation.?? A variety of
studies have shown that thiols (RSHs) mediate these interactions via their sulfhydryl (SH) functional
groups.19-2t

The present study uses screen printing to produce mesoporous TiO:z films, followed by 3-
mercaptopropyl trimethoxysilane (MPTMS) modification of the surface and [Aug (PPhs)s] (NO3)3
(Aug NCs) deposition as cocatalysts (Figure 5.1). The loading of the surface with Au NCs and the
degree of their agglomeration are investigated with XPS.
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Figure 5.1. AugNCs/SMTiO2 nanocomposites preparation procedure using screen
printing and modification of the MTiO2 surface by (3-mercaptopropyl) trimethoxysilane
(MPTMS) and Aug nanocluster (Aug NCs).

5.3. Experimental section
5.3.1. Materials

All solvents, AgCl, tetrachloroauric acid, triphenylphosphine, and AgNOs, which are necessary
to produce Aug clusters and (3-mercaptopropyl) trimethoxysilane (MPTMS), and toluene anhydrous
for the synthesis of SMTiO2 film were purchased from Sigma-Aldrich. A transparent conductive
oxide (TCO) substrate doped with fluorine, denoted as FTO (with resistivity values of 15 Q/cm? and
7 Q/cm?, dimensions of 100 mm x 100 mm x 2.2 mm), was procured from Dyesol. The titania paste
used, named 18NR-AO, was a mixture containing active anatase particles with an average size of
approximately 20 nm, along with anatase scatter particles with sizes less than or equal to 450 nm, and

it was obtained from GreatCell.

5.3.2. Sample Preparation
5.3.2.1.  Preparation of Aug(PPhs)s (NO3)s nanoclusters (NCs):

Detailed information on the synthesis, purification, and the characterisation of the Aug NCs can

be found in Chapter 4.

5.3.2.2.  Preparation of the mesoporous TiO2 Film:

The FTO (TEC 15) substrate underwent a cleaning process involving ultrasonication, initially
with detergent and deionized water, followed by another ultrasonication step in ethanol.
Subsequently, TiO2 films were created by applying TiO2 paste onto the FTO substrate through a
screen-printing method, after which they were dried at 120°C for 5 minutes. The FTO substrate, now
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coated with titania, was then placed in a covered petri dish, and subjected to a furnace. The heating
process involved sequential steps at 120°C for 5 minutes, 325°C for 10 minutes, 375°C for 10

minutes, and finally 500°C for 30 minutes.?®

5.3.2.3.  Preparation of the S-functionalised mesoporous TiOz2 film (S-MTiOz):

MTIiO2 films were submerged in 5 ml of toluene, to which 0.5 ml of (3-mercaptopropyl)
trimethoxysilane was introduced. The mixture was then subjected to reflux heating at 110°C for a
duration of 8 hours, resulting in the formation of an SMTiO: film with the desired functionalsation.
Following this process, the functionalised film was washed with ethanol and left to air dry at room

temperature overnight.

5.3.2.4.  Deposition of Aug(PPh3)s(NOs3)s clusters onto S-MTiOz:

In the preparation of the Aug cluster solutions, the Aug (PPh3)s(NO3)s (1 mg, 4.63 x 106 mol)
crystals were dispersed in approximately 2 ml of methanol and then stirred until completely dissolved.
Subsequently, 2 ml of a methanol solution containing Aug clusters was introduced to the fully dried
SMTIO: film, and the film was immersed in the solution for a period of 1 hour. During this process,
the films transitioned in color from white to a yellowish hue. In the subsequent step, the crude sample
was subjected to vacuum conditions at room temperature for a duration of 5 hours, to eliminate any
remaining methanol. To mitigate the risk of aggregation or degradation, the samples were placed in

sealed vials and stored in darkness at a temperature of 4°C.

5.3.2.5. Heat treatment for removing the phosphine ligands:

The Aug clusters, attached to the MTiO2 film, were subjected to heating at 200°C in an ultra-
high vacuum environment for a duration of 10 minutes. Following this step, the sample was taken out
of the chamber and allowed to gradually cool down to room temperature under reduced pressure
conditions. The resulting material was then stored in a refrigerator at a temperature of 4°C, while

being shielded from light.

5.3.3. Characterisation

Detailed information on the surface characterisation methods can be found in Chapter 2.

5.4. Results and discussion

54.1. FTIR

Figure 5.2 shows the FTIR spectra over a wavenumber range of 400 to 4000 cm™ of (a)
MPTMS, (b) SMTIOz2, and (c) MTiOz. In Figure 5.2, graph (a) was used as a reference to monitor if
MPTMS charactristic peaks can be detected in SMTiO2 compounds (graph b). In graphs b and c, a
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characteristic broad band centred at 3374 cm™, a peak at 1648 cm™, and a broad peak centred at 400—
700 cm* are assigned to adsorbed water, characteristic bending vibration of hydroxyl groups, and Ti-
O-Ti bending vibration and Ti-O stretching modes, 2428 respectively. These observations confirm the
existence of TiO2 nanoparticles (NPs) in our compounds prepared as a substrate.

The peaks at 2958 cm, 2913 cm* and 1440 cm™ in graph b (Figure 5.2) are attributed to the
stretching and - CH2 bending vibration of the propyl groups, introduced with MPTMS as they can
also be identified in the reference graph (a) with some shift 2. However, no peak was observed in
this region in graph c in Figure 5.2, indicating all organic compounds used as templates were removed
during calcination and crystallisation process of the MTiO2 NPs.%:2°

The vibrational peaks at 1042 cm and 940 cm™ (graph b in Figure 5.2) which are new
compared to the pristine MTiO2 film (graph c), are attributed to the vibration band of Si—O-Si and
Ti—O-Si groups, respectively.2%3! In addition, a peak at 1240 cm, observed in both graphs a and b
in Figure 5.2, can be attributed to the Si-C vibrational peak.3%3! The presence of the -SH peak at 2560
cm? (shown in graph a), which corresponds to the attachment of MPTMS molecules, was not
discernible in the spectra of the modified MTiOz (illustrated in graph b). This is primarily due to the
relatively low weight percentage of MPTMS that was grafted onto the surface of MTiO2. 282932 The
stretching vibration peak of C-O at 1186 cm™ in graph a is related to the Si-OCHz groups of MPTMS.
As no peak was observed in this region in graph b, it shows that Si-OCHs groups were hydrolysed
for attaching the Si to the TiO2 NPs surfaces during functionalisation process.

The strong peak at 2360 cm ™t in all absorption spectra corresponds to the CO2 molecules in the
atmosphere.

Overall, the FTIR findings indicate that MPTMS molecules were successfully grafted to the

MTiOz2 surface to produce SMTiO2, an SH-functionalised mesoporous titanium oxide film.
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Figure 5.2. IR spectra of (a) MPTMS (b) SMTiO2 and (c) MTiO:s.
5.4.2. SEM and EDS

In Figure 5.3 (a) and b the SEM images of MTiO2 and SMTiO:2 Films can be seen. Error!
Reference source not found. (c) shows the EDS result of the SMTiO2 films.

The red numbers in the SEM micrograph (Figure 5.3 a) show that pore sizes are in the 2-50 nm
range, confirming the formation of a mesoporous framework. Indeed, Figure 5.3 (a and b)
demonstrate that MTiO2 and SMTIO: films have a rough morphology formed by many pores
distributed uniformly across the surface of the substrate. However, in Figure 5.3 (b), the appearance
of the large particles shown by the red circles, can be explained by the accumulation of TiO2 NPs
during the modification process. Therefore, a degree of polydispersity in TiO2 NP shapes and sizes
can be formed after MPTMS functionalisation.

EDS in Figure 5.3 (c) shows the presence of Ti, O, Si, S, and C in SMTiOz films. It can confirm
that MPTMS has been successfully grafted onto the surface.
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Figure 5.3. SEM images of (a) MTiOz film (b) SMTiO2 film, and EDS analysis of (c) SMTiO2
film

5.4.3. TG analysis

The changes in the mass of TiO2 and SMTiO2 over temperature were followed by TG analyses
shown in Figure 5.4 (a and b).

Figure 5.4 (a) shows the degradation and total weight loss of 1.5 % in mesoporous titania
(MTiO2) in three stages. It is observed that the first shoulder occurs between 35 °C and 150 °C, where
physisorbed water and intercalated water molecules evaporated with a weight loss of 0.5 %. Weight
loss of 0.7% is observed within the temperature range of 150—-450 °C, which could be attributed to
the removal of chemisorbed water molecules®32*. A faint shoulder appeared at the range between
450°C and 800°C is related to 0.3% weight loss. This may be due to the phase transition from anatase
to rutile phase.":35:36

In Figure 5.4 (b), the thermal behaviour and weight loss of S-functionalised mesoporous titania
(SMTiO2) in two stages can be detected. The temperature range of 30 °C to 190 °C led to the first
stage of weight loss (1%) attributed to the adsorbed water evaporation. The pyrolysis process at 190—
800 °C resulted in a sharp decrease in the weight of modified MTiO2. This loss of approximately 4%
is assigned to the removal of chemisorbed water and large-scale decomposition of MPTMS
chains®2%7. As the same MTiO: as in Figure 5.4 (a) was used to react chemically with MPTMS, we
assume that the difference in weight losses between two compounds before and after functionalisation
may be due to the weight loss of MPTMS grafted to the surface which was almost 3.5 % (Figure 5.4

aand b).37:38
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Figure 5.4. TG analysis of a) MTiOz, b) SMTiO2

5.4.4. XRD

Figure 5.5. a and b show the XRD pattern of MTiO2 and SMTiO2 samples, respectively. The
diffraction peaks at 20 = 25.3, 37.9, 48.2, 55.0, and 55.3° and the major peak of 2 thetas, crystal plane
(101), correspond to the anatase phases.®® The comparable and similar patterns observed in both
spectra suggest that the MPTMS coating on the surface had no impact on the crystal phase of MTiO2.

The average crystal sizes of the MTiO2 and SMTiOz2 films in Table 5.1 are 29.9 nm and 37.5
nm, respectively. It shows that the MPTMS modification of the surfaces significantly affected the
mean crystal size of MTiO2while their mean crystallinity index stayed almost the same (= 70) (Table
5.1).

A/L01 ——MTiO2 Film SMTIiO2 Film
-~
=
&
> | (b) A/200
N
g AJ004 AJ105 A/211 AJ204
E A/103 | A/112 A/116 AJ220
o
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10 20 30 40 50 60 70
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Figure 5.5. XRD patterns of (a) MTiO2 Film and (b) SMTiO2 Film
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Table 5-1. Mean crystallinity size (hm) and mean crystallinity index (%)

Mean
Mean crystal o
Sample _ crystallinity
size (nm) _
index (%)
MTiO2 299+1.0 72.2£1.0
SMTIO2 375+£10 70.0 £1.0

5.4.5. XPS analysis

The XP survey spectra of photocatalysts prepared using MTiO2 semiconductors modified by
MPTMS and Aug NCs are shown in Figure 5.6. Ti2p, O1s, Cls, S2p, Si2p, and Au4f are indexed as
characteristic peaks. S and Si are related to the MPTMS chemically grafted onto MTiO2. The Au in
the spectrum is due to the presence of Aug NCs bound to the surface of SMTiO2. XPS therefore shows
the modification with MPTMS and the attachment of the Aug NCs.

Intensity

600 500 400 200 100 0

300
Binding energy (eV)
Figure 5.6. XPS survey of Aug NCs/SMTiO2 nanocomposites

The final state effect is utilised to identify the size of Aug NCs from the peak position of Au
4f7/2 and its full-width-half maximum (FWHM).4%43 The 84.6-85.2 eV range with an FWHM of
1.7 £0.2 eV is related to non-agglomerated Aus NCs and is named high binding peak (HBP).The
range of binding energies of 83.7-84.4 eV with an FWHM of 1.0 £ 0.2 eV is attributed to
agglomerated and large Aus NCs named low binding peak (LBP).44-47

The aggregation and relative intensity of Aus NCs ligated by triphenyl phosphine were
investigated using XPS after deposition on MTiO2 substrates and annealing treatment to remove the
ligands. The effect of the surface modification with MPTMS on relative intensities and the size of the
Aug NCs after both deposition and annealing processes was also investigated by XPS, as can be seen
in Figure 5.6 aand b. In Table 5.2 the peak positions of Au4f and the Aus NCs relative intensity ratios

deposited on MTiO2 and SMTiO2 surfaces are summarised.
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In Figure 5.6 a and entry 1 in Table 5.2, it can be seen that after Aus NCs were deposited onto
the MTiO2 substrate, the Au 4f7/2 peak position appeared at 84.4 eV. This peak position is for
partially agglomerated clusters called low binding peak (LBP) position. When the MTiO2 substrate
was modified by MPTMS, the peak position was found at 84.8 eV, and thus in the HBP range of non-
agglomerated clusters (entry 2 of Table 5.2 and Figures 5.7 a and b).

In Figure 5.7 b and entries 1 and 2 of Table 5.2, the relative intensity of Aus NCs adsorbed on
MTiO2 and SMTIO2 surfaces are shown. Changing the substrate from MTiO2 to SMTiOz2, an increase
of the ratio of Aug NCs by a factor of 10 can be seen (the Aug XPS intensity increased from 0.1to 1.1
%). Therefore, SMTiO2 is more efficient than MTiO2 in both preventing the agglomeration and
increasing the adsorption of Aug NCs due to the strong complexes between the thiol groups grafted
onto the surface and the Aug cores.

The binding energies and relative intensities for Au for the samples after heating are shown in
entries 3 and 4 of Table 5.2. When MTiOz2 films were used as the substrate (see entry 3 of Table 5.2),
two Au species were found. One appeared at 85.1 eV in the HBP range of non-agglomerated clusters
with 0.009% intensity, and another appeared at 83.6 eV with 0.08% relative intensity, as LBP or
agglomerated Aug NCs (see Figure 5.7 c. showing Au4f doublet peaks as mentioned above). In
contrast, as can be seen in Figure 5.6 a and b and Table 5.2 entry 4, when the substrate changed from
MTiO2 to SMTIOz2, the Au peak position appeared at 84.6 eV, a high binding energy peak (HBP),
with an intensity ratio of 1.0 %, which is still interpreted as non-aggregated Aug NCs (Figure 5.7 d).
The results show that S-functionalised MTiOz2 films can improve the results related to the size of Aug
NCs after annealing compared to MTiOx.

Thus, the S functionalisation process allows more clusters to be adsorbed onto the surface
during the Aug deposition process compared to MTiO2. Additionally, Aug agglomeration was lower
on SMTiOz films than on MTiO2 films.

Table 5-2. Assessment of binding energies and loading ratio of Aus NCs deposited on MTiO2

Film and SMTiO:2 Film after deposition and annealing. (HBP and LBP means non-
agglomerated and agglomerated cluster, respectively)

Condition Entry Sample HBP LBP

Binding Relative Binding Relative
energy intensity  energy  intensity
(eV) (%) (eV) (%)
After 1 AusNCs@MTiO2 Film - - 84.4 0.1
Deposition 2 AugNCs@SMTiO2 Film 84.8 1.1 - -
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After 3 AusNCs@MTIiO2 Film 85.1 0.009 83.6 0.08

Annealing — 4 AuNCs@SMTIOz Film 846 1.0 - -
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Figure 5.7. Investigation of Aug nanoclusters a) binding energies and b) ratios
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Figure 5.8. XPS High resolution of Au4f after deposition process of Aug NCs on (a) MTiO2
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5.5. Discussion

In this study, mesoporous TiO2 films were first prepared by screen printing. Aug NCs were then
deposited onto S functionalised MTiO2 films following the MPTMS grafting process to produce an
efficient photocatalytic system. FTIR, EDS, and XPS results showed that the surface of MTiO2 was
successfully coated by MPTMS molecules. XPS results showed that the S functionalisation process
caused to adsorb more Aug NCs and to prevent their agglomeration after deposition and annealing
processes. The XRD analysis revealed that both the prepared unfunctionalised and S-functionalised
MTiOz2 films exhibited a dominant crystalline phase identified as anatase. This crystalline phase is of
particular importance as it has the potential to enhance the efficiency of the photocatalyst, warranting

further investigations in the future.

5.6. Conclusion:

In conclusion, the S-functionalised surface of TiO2 influences the loading and size of Aug
clusters. From XPS analysis, it is evident that the introduction of S groups onto the TiO2 surface
engenders two effects: reduced agglomeration and increased Aug cluster loading compared to
unfunctionalised MTiO2. These phenomena can be attributed to the interaction between the core of
the Au clusters and the S moieties residing on the modified TiO2 surface. Therefore, S functionalised
MTiOz2 films can be considered as a promising substrate to adsorb a high level of ultra-small Aug NCs

even after annealing treatment.
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CHAPTER 6: AUy CLUSTERS DEPOSITED AS CO-CATALYSTS
ON S-MODIFIED MESOPOROUS T10O2 FOR PHOTOCATALYTIC
DEGRADATION OF METHYL ORANGE.

6.1. Abstract

Aus nanoclusters (Aus NCs) were deposited onto S-functionalised mesoporous TiO2 (SMTiOz)
to produce efficient photocatalysts for Methyl Orange (MO) dye degradation. The morphology,
surface composition and size of the deposited Aus NCs of the catalyst was analysed. SMTiO2 could
adsorb more clusters with less Aus cluster agglomeration than unmodified MTiO2. This finding is
attributed to the thiol group’s ability to form strong bonds with the Aug clusters. To study Aug NCs
effect on dye degradation activity, the MO degradation reaction constants for SMTiO2 nanoparticles
(NPs) and Aus NCs decorated SMTiO2 photocatalysts were studied and were 0.07 min-t and 0.149
mint, respectively. Hence, it takes almost half the time to completely degrade MO using Aus NCs
decorated SMTiO2 photocatalysts compared to SMTiO: substrate. Results were analysed using the

response surface methodology (RSM) to study the interaction between the reaction parameters.

6.2. Introduction

Water pollution is a growing concern due to its impact on human health and other living species.
There are a variety of hazardous water contaminants, including dyes, heavy metals, and organic
compounds. These contaminants are found in water for various reasons and need to be removed.’ 2
For example, the dye manufacturing, textile, rubber, plastic, and cosmetics industries discharge toxic,
carcinogenic, and nonbiodegradable dyes into nearby water bodies. These dyes threaten human health
and aquatic life.> Traditional wastewater treatment methods do not effectively remove these
contaminants from wastewater. The reason for this is that some chemicals, especially those with
aromatic rings, are resistant to biological, photochemical, and chemical degradation. In addition, they
generate dangerous by-products by oxidising, hydrolysing, or undergoing other chemical reactions of
synthetic dyes containing wastewater, which are detectable wherever they are disposed of.> *
Considering this, research has focused on developing efficient methods for removing or degrading
such hazardous materials as dyes from wastewater. Dye degradation can be achieved through various
processes, which photocatalysis systems are one of the most promising due to their high potential to
ensure the full degradation of dyes. For this purpose, it is necessary to design robust and efficient
photocatalytic systems focussing primarily on semiconductors and nanomaterials based on metal

oxides, sulphides, and nitrides.3 > ¢
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TiO2 is a valuable substance for the photocatalytic degradation of dyes. In addition to its
remarkable optical and electronic characteristics, it exhibits exceptional photocatalytic efficacy when
exposed to UV light and maintains strong chemical stability. It is also low in cost, biocompatible, and
environmentally friendly compared to other nanometals and is highly used in different food, medical
and cosmetic applications.” Absorption of photons with energy exceeding the band gap results in the
generation of excited electrons in the conduction band and the formation of holes in the valence band.
These photo-induced electron-hole pairs can then engage in oxidation and reduction reactions with
various substances adsorbed on the surfaces of semiconductor particles. This is why they can
completely break down organic pollutants and even mineralize them. However, the high
recombination rate between photo-generated electrons and holes reduces the activity of photocatalytic
systems.> 8

The lifetime of excited electrons and holes can be improved by deposition of noble metals as
co-catalysts onto TiO2 leading to increased photocatalytic efficiency. Several studies have
investigated how different noble metal loadings (Au, Ag, and Pt) affect the photodegradation of
organic molecules on the surface of commercial TiO2.2 ° The deposition procedures greatly affect the
photocatalytic activity. It has been reported that when small particles of Pt are deposited on
semiconductors, electrons are captured by Pt° and compete with the undesired recombination
reactions of generated electrons and holes so that the noble metal deposited on the semiconductor
surfaces can act as a sink to capture of photoinduced electrons.?

In a recent study, we used ligand-protected metal nanoclusters (NCs). The core of the clusters
comprises from several to tens of metal atoms, and the outer shell consists of organic ligands
protecting the core from agglomeration. NCs can be synthesised with high purity and a precise
number of atoms forming the core. Besides the usual metal nanoclusters of Ag, Au, and Cu, the study
of Au nanoclusters (Au NCs) has received considerable attention in recent decades. A correlation
exists between the number of Au atoms in atomically precise Au nanoclusters and their photophysical
properties'!. The excellent suitability of Au nanoclusters as co-catalysts arises from their combination
of a high specific surface area and a substantial quantity of unsaturated reaction sites, resulting in
high catalytic efficiency and unique selectivity.*?

A Au nanocluster (Au NCs) is typically less than 1.5 nm and thus of a size between small
molecules and metal nanoparticles (NPs). Au NCs can have discrete energy levels and a variety of
molecular-like characteristics, including high catalytic activity*® 1 due to their small size comparable
with the Fermi wavelength of electrons.'? 15

During the chemical preparation of Au NCs, stabilising ligands should be added to control the
growth of Au NCs, prevent their agglomeration through metal-metal interactions, and ensure they are

dissolved properly in the reaction media. Phosphine-ligated Au clusters are prepared using
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triphenylphosphine (PPhs3) ligands as they allow the production of ultrasmall-size clusters with
narrow size distributions.'® Cluster reactivity and electronic structure can also be improved using
phosphine ligands due to their unique steric and electronic features.'® 1" Hence, catalytically active
Au nanoclusters represented as Aun(PPhs)m, including examples like Auio1(PPhs)21Cls and
Aug(PPh3)s(NOs)s, have demonstrated their effectiveness in various chemical reactions, including
hydrogenation of terminal alkynes into alkenes,'® as well as oxidation of CO,*8 styrene,'® and benzyl
alcohol.?°

Ligand removal via heat treatment is often necessary to allow for direct contact between the
cluster core and substrate surfaces. This might be needed to access adsorption sites at the surface of
clusters.?! However, two effects may occur when support-immobilised clusters are heated at 200°C
under vacuum. First, larger Au particles can form when the ultrasmall clusters aggregate together
while still attached to the phosphine ligands due to their mobility. Second, a fraction of Au clusters
displays Au—O bonds, probably to the oxygen of the TiO2 surface. These bonds occur simultaneously
with phosphine ligand loss and enhanced phosphorus oxidation.?? Averting the first scenario is
imperative since nanocluster features differ according to their size and, therefore, will change upon
agglomeration. However, it has been reported that thermal treatment causes some amount of cluster
agglomeration owing to the relatively weak interaction between Au and the metal oxide substrate
allowing for the mobility of the deposited clusters.?® Hence, controlling the attachment to the substrate
surface and determining the cluster size is crucial for the efficiency of the photocatalytic systems for
oxidation and reduction reactions.*® It should be noted that enhanced loading levels of atomically
precise Au nanoclusters onto the TiO2 surface can also improve the photocatalytic efficiency.

To address these two issues crucial for increasing the photocatalytic efficiency, two different
surface modifications have been applied to generate porous structures and to graft additional
components onto the surface. Morphological modification to attract Au NCs to specific sites on the
substrate surface results in reduced cluster mobility and subsequent agglomeration. Chemical
modifications bind the clusters to the semiconductor surfaces more strongly.

Mesoporous TiO2 has a large surface area with a high density of surface defects and a 3D
connected pore network which both aid in avoiding Au clusters agglomeration.?* This strategy
follows similar recent attempts to enhance the adsorption of clusters by pre-treatment processes such
as UV irradiation, sputtering, and heating to generate surface defects 2> 26, Here, we use a different
approach by generating active adsorption sites containing functional groups to which the Au clusters
can strongly bind onto the MTiOz2 surfaces.

S-functionalisation is an appropriate chemical surface modification for attaching Au species to
surfaces. The covalent bond between Au and S provides a robust but modifiable bond. Covalent bonds

are formed between the S(sp3) hybrid orbitals and Au(6s) electrons, suggesting S undergoes sp3-type
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hybridisation.?” Au(d) electrons also play a significant role in the Au-S bond. In several studies the
sulfhydryl (SH) functional groups in thiols (RSHs) are used to mediate these interactions.!® 28

In the present study, a facile method was utilised for synthesis of MTiO2, along with
modification of the surface with 3-Mercaptopropyltrimethoxysilane MPTMS and then Aus NCs
deposition as the cocatalysts (Figure 6.1). We have also investigated how the surfaces and their (SH)-
functionalisation can be effective to prevent the Aug NCs agglomeration and achieve a high loading
level based on the relative ratio and size assessment of Aug NCs after deposition and annealing
process by using the XPS analysis.

This study focuses on developing an efficient photocatalytic system and determining the
parameters for the photodegradation of methyl orange (MO) using response surface methodologies
(RSM) along with central composite designs (CCD) and python for analysing the photocatalytic
reactions which have been widely applied in various engineering fields, such as water treatment
processes.?® Using this methodology not only minimises the number of experiments but also cuts

down on the cost and time required to study the process parameters and their interactions.
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Figure 6.1. AugNCs/SMTiO2 nanocomposites preparation procedure

6.3. Experimental Section

6.3.1. Materials

P123, absolute ethanol, titanium tetraisopropoxide (TTIP), (3-mercaptopropyl)
trimethoxysilane (MPTMS), toluene anhydrous, HCI (37% wi/w), AgCI, tetrachloroauric acid,
triphenylphosphine, and AgNOs AR grade were purchased from Sigma Aldrich Co. All chemicals

and solvents are used without further purification.

6.3.2. Sample Preparation

6.3.2.1.  Preparation of Aug(PPh3)s(NOs)s nanoclusters:

Chapter 4 contains detailed information on the synthesis and characterisation of Augs NCs.
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6.3.2.2.  Preparation of the mesoporous TiOz:

The process begins by dissolving the required amount of the triblock copolymer surfactant P123
in 12 g of absolute ethanol through 30 minutes of stirring. Following this, a solution containing 9.84
g (equivalent to 0.035 mol) of titanium tetraisopropoxide and 1.44 ml (equivalent to 0.046 mol) of
HCl is introduced while vigorously stirring for 10 minutes. Next, the resulting solution is cast into a
Petri dish, where it gels at 40°C in an open-air environment for 30 minutes. Afterward, it is left to dry
under regular ambient conditions for 24 hours, which facilitates the crosslinking and oligomerization
of the TiOz2 sol/gel precursor. Finally, the prepared samples undergo calcination at 400°C for 4 hours
in the presence of air. This calcination process serves to entirely eliminate the polymeric surfactant,

encourage the crystallization of TiO:2 into the anatase phase, and introduce interparticle mesopores.

6.3.2.3.  Preparation of the S-functionalised mesoporous TiO2 (SMTiOz):

MTiOz2 nanoparticles (0.1 g) was dispersed in 5 ml toluene which had been before deoxidised
by N2 purging for 15 minutues, then 0.5 ml MPTMS was added. The mixture was heated under reflux
at 110 °C for 8 h to make SMTiO2. Nitrogen gas flow continued throughout the reaction. After
completion of the reaction, products were centrifuged, and they were then rinsed with ethanol twice

and dried at room temperature overnight.

6.3.2.4.  Deposition of Aug(PPhs)s(NOs3)s cluster onto the prepared surfaces:

In the preparation of Aus NCs solutions, the Aus (PPhs)s (NO3)3 (1 mg, 4.63 x 10° mol) crystals
were dispersed in approximately 2 ml of methanol and then stirred until completely dissolved. To
remove water from nanoparticles and films, SMTiO2 (10 mg) was placed under vacuum for one day.
Then, 2 ml of methanol containing Aug cluster solution was added to the dried SMTiOz, stirring with
a magnetic stirrer for both 1 and 24 hours separately resulting in the yellow suspensions. In the
following step, the off-white suspension was centrifuged, and the crude samples were placed under
vacuum at room temperature for 5 hours to remove any residual methanol. To minimize the possibility
of aggregation or degradation, the samples were placed in a vial, capped, and stored in the dark at 4
°C.

6.3.2.5.  Heat treatment for removing the phosphine ligands:

The Aug NCs supported on MTiO2 were applied to a silicon wafer using a drop-casting method.
Subsequently, the sample was subjected to heating at 200°C under vacuum conditions for 10 minutes.
Following this step, the sample was taken out of the chamber and allowed to cool down to room
temperature under reduced pressure. The resulting material was stored in a light-free refrigerator at a

temperature of 4°C.
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6.3.2.6.  Photocatalytic activity test:
To study the dye degradation experiments at laboratory scale, Aus NCsS/SMTIO:

nanocomposites were applied to degrade MO dye through photocatalysis by a set of experiments
using the rotation function of a Vortex Fluidic Device (VFD) at low rotation speed for mixing purpose
and equipped with two 10 W Hg lamps as sources for UV light (254 nm). This study is designed to
determine the degradation efficiency as a function of three independent factors: A) the MO dye
concentration (ppm), B) catalyst amount (mg), C) reaction time (min), as described in Table 6.1. A,
B, and C are coded values of the MO concentration, catalyst amount, and time, respectively. Table
6.1 also presents three different coded and actual levels for each factor. To evaluate the relation
between the factors, the coded levels from minimum (-1) to maximum (+1) amount are used to make

them unitless and suitable to plot together.

Table 6-1. Experimental and coded levels of the selected factors.

Levels
) Code
Factor Unit Code for each factor
-1 0 +1
levels
MO
. ppm A Actua 10 15 20
concentration |
Catalyst amount mg B 1 15 2
) _ levels
Time min C 10 15 20

For this purpose, we used the central composite design (CCD) by using self-written Python
codes (Ver. 3.10.7) using different libraries (numpy, pandas, pyDOEZ2, statsmodels, and matplotlib).
Various amounts of the photocatalyst were added to 3 ml of dye solution and exposed to UV light for
the selected time. The rotation speed was set to 900 rpm under constant UV light irradiation. To
measure the MO concentration, a spectrophotometer (UV-Visible, PerkinElmer) was used at a
maximum wavelength of 466 nm after separation of the suspended photocatalyst particles using
centrifuge (12000 rpm for 10 mins). The MO degradation was calculated using the following formula
(Equation 6.1).%°

(Co—Ce)X100
Co

D (%) = Equation 6.1

where, Co, and Ct, are the initial concentration of MO (ppm), and the concentration at the time when

the dye concentration was measured in the course of the photocatalysis experiment, respectively.

6.3.3. Modelling

6.3.3.1.  Response surface methodology (RSM):
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To ensure the statistical validity of the outcomes, the experiments were structured using a
Central Composite Design (CCD), and the results were subjected to statistical analysis using
Response Surface Methodology (RSM). In this design, as outlined in Table 6.2, three independent
factors were chosen: reaction time, catalyst quantity, and MO dye concentration. The response
variable selected to establish a mathematical relationship and describe interactions among these
factors was the MO degradation efficiency. According to the CCD, a total of 15 experiments were
conducted. (Table 6.2). A quadratic polynomial equation was used to evaluate the dependence of the
response on several factors.

D= Bo+ X1 BiXi + X BuXh + DI XS B XXy + € i #j Equation 6.2

In the above equation (Equation 6.2), D is the predicted RSM response as shown in Error!
Reference source not found. € and k are the random errors and number of independent factors (k =
3), respectively. Xj and Xi are the input factors. B0, Bi, Bii, and Bij are the constant, linear, quadratic,
and interaction terms, respectively.

The adequacy of the proposed model was assessed through the analysis of variance (ANOVA)
by testing P values (confidence level), coefficients of determination (R?), and adjusted coefficients of
determination (adj. R?). After accurate curve fitting, equation 6.2 will be used to predict all the
experimental points as presented in Table 6.2. As evidence showing our experiments and data
evaluation have been conducted with a high precision, RSM predicted results are close to those

achieved through the actual experiments presented in Table 6.2.

Table 6-2. Centre composite design with experimental and predicted responses

Factor 1 Factor 2 Factor 3 Response 1 RSM
A:Dye conc. B:Cat.amount C:Time Experimental Predicted
degradation degradation
ppm mg min % %
10 1 10 62.90 63.93
20 1 10 50.11 50.26
15 15 10 77.97 76.00
10 2 10 80.04 80.69
20 2 10 73.15 73.28
15 1 15 70.29 69.23
10 15 15 87.23 85.17
15 15 15 81.22 83.88
20 1.5 15 72.88 73.61
15 2 15 89.86 89.59
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10 1 20 80.06 80.26

20 1 20 64.88 64.56
15 1.5 20 91.16 91.79
10 2 20 97.79 97.97
20 2 20 89.23 88.53

6.3.4. Characterisation:

Detailed information for charactrisation methods has been reported in Chapter 2.

6.4. Results and discussion:

6.4.1. FTIR:
FTIR was used to investigate the surface of the (3-mercaptopropyl) trimethoxysilane (MPTMS)

with the primary purpose of confirming whether MPTMS was successfully grafted onto the
mesoporous TiO2 (MTiO2) to form S functionalised mesoporous TiO2 (SMTiO2) (Figure 6.2). For
reference, FTIR was also applied to MPTMS and MTiO:..

It should be noted that the strong peak appeared at 2360 cm ™1 is related to CO2 and is a common
in spectra in the presence of normal atmosphere.

The broad peak centred at 3200-3500 cm ™! and a peak at 1650 cm™! in the MTiO2, and SMTiO2
spectra (graph b and c in Figure 6.2) are attributed to water adsorbed to the surface and characteristic
bending vibration of hydroxyl groups, respectively. Also, the broad peak centred at 400—700 cm™!
correspond to Ti-O-Ti bending vibration and Ti-O stretching modes 3! referring to the presence of
TiO2 nanoparticles (NPs) in our compounds.

The peaks at 2972 cm™ and 2901 cm™ in SMTiOz2 (graph c in Figure 6.2) are attributed to the
C-H stretch mode of CH3 and CH2 groups which were also observed in MPTMS (graph a in Figure
6.2). This peak in graph c and a is an additional peak compared to graph b in Figure 6.2, confirming
all organic compounds used as templates were removed during the formation of the MTiO2 NPs.32 32
It is primarily due to the propyl group introduced with MPTMS during the functionalisation of the
MTiO2 surface.3* The peaks at 1047 cm™ and 885 cm* (graph c in Figure 6.2) are additional peaks
compared to the spectrum of pristine MTiO2 (graph b in Figure 6.2) and are attributed to the vibration
band of Si—-O-Si and Ti—O-Si groups, respectively, based on previous studies.® These peaks provide
evidence for the attachment of MPTMS. Also, in graph a and c in Figure 6.2, a weak adsorption peak
observed at 1408 cm™ is attributed to the S—C stretching vibration of MPTMS?. In addition, a peak
at 1240 cm1, which is observed in both graphs a and ¢ in Figure 6.2, can be identified as the Si-C

vibrational peak.*® The peak appeared around 2560-2650 cm™ can be assigned to the thiol groups.3?
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However, the small peak at 2560 cm™* in MPTMS was shifted to 2650 cm in SMTiO2 which might
be due to low weight percentage of MPTMS grafted to the MTiO2 surface.3 33

The stretching vibrational peak of C-O at 1189 cm™ in graph a in Figure 6.2 which is also
related to the Si-OCHs groups of MPTMS. In addition, the presence of this peak indicates that Si-
OCHs groups were also hydrolysed to attach the MPTMS to the TiO2 NPs surfaces during
functionalisation process.

In summary, FTIR shows that MPTMS molecules were successfully grafted to the MTiO2

surface to produce S functionalised mesoporous titanium oxide (SMTiO2).
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Figure 6.2. IR spectra of the (a) MPTMS, (b)MTiO2, and (c) SMTiOx.

6.4.2. BET surface area and pore distribution:

The result of the N2 adsorption isotherms (BET and BJH Adsorption) recorded at 77 K for P25,
MTiO2 and SMTiO:2 are summarised in Table 6.3. The specific surface area was analysed using the
conventional multipoint BET method. Additionally, a Barrett—Joyner—Halenda (BJH) model was
employed to assess the size and volume distribution of the pores based on the adsorption isotherm.

The N2 adsorption-desorption isotherms indicate that the calcined TiO2 nanoparticles possess
mesoporous characteristics, with an average pore size measuring 4 nm.

TiO2 nanoparticles have a BET surface area of 117 m?/g and a pore volume of 0.19 cm?®/g after
preparation. In contrast, the surface area and pore volume of the latter particle, SMTiO2, have been
considerably reduced after functionalisation to 61 m?/g and 0.1 cm?/g, respectively. The pore size of
all samples, however, did not change noticeably. It is likely that small TiO2 crystals fuse together
during the functionalisation resulting in a reduction in particle surface area. The result corresponds to

what we can observe in the SEM images in Figure 6.4 as discussed later.
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Table 6-3. BET and BJH Adsorption analysis from P25, MTiOz, and SMTiO2

Sample P25 MTiO2 SMTIO2
Surface area(m?/g) 79 117 61
Pore volume(cm?/g) 0.15 0.19 0.1
Pore size(hm) 4.1 4.4 4.4

6.4.3. XRD:
Figure 6.3 (a and b) show the XRD pattern of SMTiO2 and MTiO2 samples, respectively, with

the diffraction peaks indicated by red lines corresponding to the anatase phases. As the two spectra
exhibit identical patterns, it indicates that the surface coating with MPTMS did not notably alter the
crystal phase of the MTiOx.

The grain size of 19.1+ 0.1 nm was determined from the FWHM of the diffraction peak of the
anatase (101) plane using the Scherrer equation and are shown in the supporting information (ESIY).
The Scherrer formula gives the average or "apparent” size of the crystallites and not necessarily their
actual size because polydispersity is not considered in the Scherrer formula. Partially crystalline
powders and aggregated powders made up of smaller primary particles contribute to this
phenomenon. In addition, the powder is typically not monodispersed but has a size distribution. The
average grain size of both prepared MTiO2 samples is summarised in Table 6.4 showing similar
values for both types of samples, meaning that the modification of MTiOz surfaces has not affected

the mean crystallite size.

Table 6-4. Mean crystallite size (nm)

Sample Anatase (101) Rutile
MTiO2 19.1+0.1 -
SMTIO2 19.1+ 0.1 -
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Figure 6.3. XRD patterns (Co Ka radiation) of (a) SMTiO2 and (b) MTiO2
6.4.4. SEM:

SEM images of the MTiO2 and SMTiO2 nanoparticles, shown in Figure 6.4 (a and b), provide
information about particle sizes and morphology. As seen in Figure 6.4 (a), MTiO2 with a rough
surface forms aggregates with a size of hundreds of nanometres, showing a degree of polydispersity
of shapes and sizes, especially after the functionalisation process making larger TiO2 nanoparticles
with a size of thousands of nanometres (Figure 6.4 b). The SMTiO2 sample (Figure 6.4 b) has a
significant difference in particle size and morphology compared to the non-functionalised sample
(Figure 6.4 a), suggesting that MPTMS grafting onto TiO2 surfaces results in large and agglomerated
particles with a wide range of shapes, which may result in a reduced surface area which is consistent
with BET result (Table 6.3).

Figure 6.4. SEM images of (a) MTiO2z and (b) SMTiO2

6.4.5. NEXAFS:
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In Figure 6.5 a, the Ti L-edge NEXAFS spectrum of the MTiO2 and SMTiOz2 nanoparticles is
compared with those of the reference samples including amorphous, anatase, and rutile TiO2 samples.
In addition, the S K-edge and L-edge x-ray absorption spectra (XANES) of SMTiO2 NPs are
presented in Figure 6.5 (b) and Figure 6.14 (S1), ESIt, respectively. Cysteine was also used as a
reference.

As illustrated in Figure 6.5 (a), the Ti L-edge spectra of all samples exhibit two doublet peaks
within the energy range of 455 eV to 470 eV. These peaks correspond to excitations of the Ti 2p
levels into the vacant Ti 3d orbitals. These 3d orbitals are further divided into t2g and eg orbitals due
to the presence of octahedral symmetry.3” The overall pattern of all samples is the same, except for
the region between 458.7 eV and 461.7 eV. Therefore, the Ti 2p L-edge spectra of the references and
two prepared samples can be compared using the peaks at 460 eV and 461 eV. Both spectra related
to the prepared samples show a larger peak at 460 eV than at 461 eV. Accordingly, the pattern of the
graph in this region are similar to those in the anatase reference sample, indicating that the anatase
phase is dominant in both samples, as confirmed by the XRD results (Figure 6.3).

The S K-edge and L-edge absorption spectra of SMTiO2 nanocomposites and cysteine as the
reference are presented in Figure 6.5 (b) and Figure 6.14 (S1), ESIT, respectively. The main peaks of
the S K-edge and L-edge spectra appeared at 2472.6 eV and 165.9 eV indicated by the black arrow
corresponds to the S1s—o* (S-C) transition®®, SMTiO2 nanocomposites and cysteine, measured at
the same conditions, show a fairly similar pattern in both absorption spectra with the similar positions
of the main peaks. Therefore, the features of the S group bonded to the C of MPTMS grafted onto the
MTIiO2 surfaces are similar to those of the cysteine with the thiol group available for the attachment

of the Auo clusters.
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Figure 6.5. NEXAFS spectra at the Ti L-edge recorded on Amorphous TiO2, Anatase TiOz,
Rutile TiO2, MTiOz2, and SMTiO2 (a) NEXAFS spectra at the S K-edge recorded on cysteine
as a reference, and SMTiO2 sample (b).

6.4.6. XPS measurements:

To further investigate how MPTMS is binding to titania, SMTiO2 NPs was heated under UHV
conditions at 10~ mbar for 10 mins at 200 °C to remove hydrocarbon contaminations and adsorbed
water from the surface. The sample was subsequently sputtered by 3 keV Ar" under UHV with a
sputter dose of 1.2 x 10" ions/cm? to remove approximately a few atom layers.*® Subsequent to
sputtering and heating, XPS was applied.

Through the XPS data in Figure 6.6, the changes in the elemental fractions of Ti, S, C, and O
can be monitored after heating and sputtering. As shown in Figure 6.6, the amount of S and carbon
after sputtering has declined, while that of Ti and O has been enhanced. Since only a few surface
layers can be removed through sputtering, it may be concluded that the TiO2 surface has been covered

with an organic compound containing the S functional groups, indicating the existence of MPTMS
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grafted onto the TiO2 surface. When the amount of MPTMS is reduced after sputtering, it makes

sense that the ratio of other elements, such as Ti and O, should be increased.
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Figure 6.6. Investigation of changes in amount of the elements after heating and sputtering

Figure 6.7 depicts that the XP survey spectra of the prepared photocatalyst with a MTiO2
semiconductor functionalised by MPTMS molecules and modified by Aus NCs. Six peaks are
indexed to be the characteristic peaks: Ti2p, Ols, Cls, S2p, Si2p, and Au4f. Si and S are from
MPTMS that are chemically bonded on the MTiOz2 surface. Au is from the Aug NCs bonded on the
SMTIOz2 surface.
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Figure 6.7. XPS survey of Aug NCs/SMTiO2 nanocomposites

The size of the phosphine-ligated Aug nanoclusters (Aus NCs) is identified through the final
state effect by analysing the Au 4f7/2 peak position and its full-width-half maximum (FWHM).?? 26
40 The peak position of non-agglomerated phosphine-ligated Aus NCs is usually in the range of 84.6—
85.2 eV, with a FWHM of 1.7 + 0.2 eV (HBP), while agglomerated Aus NCs are found at binding
energies of 83.7-84.4 eV with a FWHM of 1.0 + 0.2 eV (LBP).?% 4
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In addition to investigating the agglomeration and relative intensity of phosphine ligated Aug
NCs after their deposition onto the prepared MTiO:2 substrates, the effect of the surface modification
with MPTMS, annealing treatment to remove the ligands, and variation of the deposition time on the
size of Aug NCs was investigated through XPS (see Figure 6.8 aand b). A summary of the Au 4f peak
positions and Aug NCs ratios deposited on MTiO2 and SMTiO: surfaces is presented in Table 6.5.

In Figure 6.8 (a) and in Table 6.5 (entries 1 and 2), it can be found that after the deposition
process of Aug NCs onto MTiO2 and SMTIO2, they have still preserved their size and have a similar
Au 4f72 peak positions, 84.8 eV and 84.9 eV, respectively, showing the Aug NCs binding energies
are found in the range of non-agglomerated clusters as described above referred to the high binding
energy peaks (HBP). Peaks between 83.7 and 84.4 eV are referred to as low binding energy peaks
(LBP) representing agglomerated clusters. In Figure 6.8 (b), the intensity ratio of Aug clusters on both
substrates under the same conditions is compared. When the substrate changed from MTiO:2 to
SMTIiO2, we observed that the ratio of Aus NCs increased more than three times (the Aus XPS
intensity increased from 0.4 to 1.5 %). Thus, SMTiOz is more efficient than MTiOz2 in the adsorption
of Aug NCs due to the presence of thiol functional groups grafted onto the surface.

In the next step, we investigated the effect of heat treatment on the size of Aug clusters and the
ratio of agglomerated versus non-agglomerated clusters. After Aug NCs were deposited onto MTiO2
NPs, an annealing treatment under vacuum was performed. According to Figure 6.8 (a and b) and the
comparison between entries 1 and 4 of Table 6.5, the annealing process of the ligated Aus NCs/MTiO2
nanocomposites resulted in a shift of the Au 4f peak from 84.8 eV to a lower binding energy of 84.1
eV (LBP) with the same relative intensities, 0.4 %. The interpretation of this finding is that the bond
between MTiO:2 surface and Aug NCs is not strong enough to limit their mobility and consequently
their agglomeration at elevated temperatures (see Figure 6.14 a (S2). ESI¥). Thus, Aus NCs size was
significantly increased after annealing. In contrast, when SMTiO2 NPs was used as substrate with
otherwise same conditions as the above (see entry 5 of Table 6.5), two Au species were found with
two main 4f72 peaks at 84.6 and 84.2 eV and two different coverage at 1.1% and 0.3% relative XPS
intensity for Au. This finding is interpreted as non-agglomerated and fully agglomerated Aus NCs,
respectively (see Figure 6.14 (S2 b). ESIt). The result shows that SMTiO2 NPs compared to MTiOz,
could not only increase the intensity ratio of deposited Aus NCs but could also improve the results
related to the size of Aug NCs after annealing. Thus, SMTiOz2 substrates were generally more efficient
at preserving the size and increasing the ratio of Aug NCs than MTiO2. Accordingly, SMTiO2
substrates were used to study deposition time effects on the size and relative intensity ratio of clusters.

By comparison between entries 2 and 3 of Table 6.5, it can be found that the binding energy
(84.9 eV) of clusters deposited on SMTiO2 nanoparticles stayed the same when deposition time for

clusters was reduced from 24 h to 1 h. The relative intensity decreased from 1.5% to 0.6% due to the
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reduction in exposure time of SMTiO2 surfaces to Aus NCs. However, the results after annealing
were most important (entry 6 in Table 6.5). There was no significant difference between the binding
energy positions and intensity ratios of Aug NCs after annealing (85.1 eV with 0.6%, entry 6 in Table
6.5) and after deposition (84.9 eV with 0.6%, entry 3 in Table 6.5).

As a result, no agglomeration of Aug occurred with a decrease in Aug deposition time and its
content attached to the surface. The most likely explanation is that with increasing loading of the
sample surface the distance between clusters decreases and the probability of agglomeration during
heating increases due to the increased mobility of the Au clusters at elevated temperatures.

In this regard, the Aus NCs/SMTiO2 nanocomposites with an hour of deposition time were
chosen for further analysis, including HRTEM and dye degradation studies.

Table 6-5. Study of binding energies and relative intensity of Aus NCs deposited on MTiO2

and SMTiO: after deposition and annealing. (HBP and LBP means non-agglomerated and
agglomerated clusters, respectively

- Sample/Deposition
Condition  Entry i HBP LBP
ime

Binding Relative Binding Relative
energy(eV) intensity(%) energy(eV) intensity(%)

1 AusNCs@MTi02/24 h 84.8 04 - -
AusNCs@SMTiO2
After 2 84.9 15 - -
. /24 h
deposition
AusNCs@SMTIiO2/1
3 84.9 0.6 - -
h
4 AusNCs@MTi02/24 h - - 84.1 0.4
AusNCs@SMTIiO2/24
After g 84.6 1.1 84.2 0.4
annealing h
AusNCs@SMTIiO2/1
6 A 85.1 0.6 - -
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Figure 6.8. Investigation of Aus nanoclusters a) binding energies and b) ratios

6.4.7. HAADF-STEM images of Aus NCs deposited on SMTiO2 and MTiOz:
HAADF-STEM was used to investigate the size and morphology of MTiO2 and SMTiO2

photocatalysts, the size of Aus NCs onto the surface, and the distribution of Aus NCs across the
surface. Figure 6.9 shows the STEM images of MTiO2 and SMTIO: surfaces after phosphine ligated
Aug NCs deposition (Figure 6.9 a, ¢) and annealing process to remove the ligands (Figure 6.9 b, d).
Energy dispersive x-ray spectroscopy was used to determine their elemental compositions (see
Figures S4, S6, S10, S13, ESIT) and the small bright spots were identified as Aug NCs.

The size distribution of MTiO2 and SMTiO2 NPs in Figure 6.9 is in the range of 5-10 nm, which
is smaller than the crystallites size obtained by XRD (see Table 6.3). Furthermore, most of them have
cubic-like shapes with a very narrow size distribution. The 3-6 nm dark patches distributed throughout
the light grey background in Figure 6.9 are due to the presence of pores in the TiO2 framework and

are consistent with the results from BJH analysis in Table 6.3.
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The size distribution of Aus NCs decorated on the MTiO2 before heating shown in Figure 6.9
(a) varies from 0.7 to 1.2 nm with the average found at 0.8 + 0.2 nm (see Figures S5, S15 a, ESI¥),
while the size of Aug NCs on MTiO: after heating shown in Figure 6.9 (b) are 2.0 nm to 5.0 nm with
the average found at 3.5 + 2.0 nm (see Figures S8, S15 b, ESIt). The enhancement in size is attributed
to agglomeration of the Aus clusters upon heating to remove the ligands. This is also consistent with
the XPS data in Figure 6.8 (a) and entries 1 and 4 of Table 6.5.

The size of the Aug NCs decorated on SMTiO2 before heating in Figure 6.9 (c) varies from 0.9
to 1.5 nm with the average found at 1.2 + 0.3 nm (see Figures S11, S15 c, ESIf), and the size of the
Aug NCs on SMTIO: after heating in Figure 6.9 (d) varies from 0.9 nm to 1.4 nm with the average
found at 1.1 £ 0.2 nm (see Figures S14, S15 d, ESIf). The lack of significant change in size indicates
no agglomeration occurred upon heating to remove the ligands due to the presence of thiol groups.
According to the EDX data, they have been uniformly grafted onto the SMTiO:2 surfaces allowing the
highly loaded Aus NCs to be dispersed more uniformly across the surface compared to MTiO:2 (see
Figures S10, S13. ESIY).

Evidence from Table XPS data (6.5) in entries 1 and 3 also suggests that the substrates host
similar-sized Au NCs with similar binding energies. A comparison of Aug binding energies in Table
6.5 entries 1 and 4 indicates that the Aug binding energy was significantly decreased by heat treatment,
meaning agglomeration of Aus NCs has occurred. Table 6.5 entries 3 and 6 show that by changing
the substrate from MTiO2to SMTiOz2, no significant changes and subsequently no aggregation of the

clusters was observed after annealing.
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Figure 6.9. HRTEM images of Aug deposited on photocatalyst substrates before and after
heating to remove ligands from Aug. Image a) Aug on MTiOz2 before heating, b) Aus on
MTIiO:2 after heating, ¢) Aus on SMTiO: before heating, and d) Aus on SMTIO:: after heating.
The

6.5. Photocatalytic activity evaluation of Aus NCs/SMTiO>
nanocomposites:

In Figure 6.10 (a), the MO degradation is presented for SMTiO2-supported Augs NCs
photocatalysts and SMTiO2 nanoparticles. Also, the result for the dye degradation without catalyst
under UV irradiation was plotted as a control. The experimental data for degradation were shown
with markers and their trends over time are presented using solid lines.

Through this experiment, the degradation of 3 ml of 15 ppm MO dye solution was monitored
over time using 1.5 mg of each catalyst under the constant UV irradiation at room temperature. In
(Figure 6.10 a), it was observed that the colour of the suspension completely disappears within less

than 25 mins in the presence of Aus NCs/SMTiO: photocatalysts while the same was found after
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around 70 minutes for the SMTiO2 NPs. However, the colour of the solution never disappeared, even
after 3 hours, when the UV light was used for MO dye degradation without any photocatalysts. As a
result, the degradation process was significantly higher for SMTiO2-supported Aus NCs
photocatalysts compared to SMTiO2 NPs and UV exposure only.

As can be seen in Figure 6.10 (b), the experimental results can be fitted with a first-order
reaction with the reaction constants of 0.149, 0.0702, and 0.004 min! for Aus NCs/SMTiO2, SMTiOs,
and control (only under UV), respectively. The high amount of the reaction constant (0.149) obtained
for the dye degradation catalysed by Aus NCs/SMTiO2 nanocomposites shows how active the
prepared photocatalysts can be, in comparison with other photocatalysts. Finally, the RZ ~ 0.99 for all

plots reveals accurate reactions.
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Figure 6.10. (a) MO dye degradation efficiency and (b) kinetic assessment of the
reaction based on -In (C/Co) over time using Aug NCs/SMTiO2 nanocomposites, SMTiO2
and UV.
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6.5.1. Response surface methodology analysis (RSM):

A statistically significant analysis of RSM was carried out using ANOVA (Analysis of
Variance). Table 6.2 shows the extensive range of MO dye degradation (from 50.11 to 97.79 %).
According to Equation 6.2, curve fitting, and ANOVA were done using the statsmodels library of the
Python. The coded form of the quadratic polynomial model implies communication between factors
and response (Equation 6.3).

Degradation (%) = 83.881-5.777xA+10.183xB+7.895xC+1.565xAxB-0.508xAxC+0.238xBxC-
4.492xA%-4.472xB%+0.018xC? Equation 6.3

Here A, B, and C are the selected codes for the MO concentration, catalyst amount, and time
respectively. The coded values for minimum, middle, and maximum actual values are -1, 0, and +1,
respectively. To access the relation between the factors, the coded levels from minimum (-1) to
maximum (+1) amounts are used to do curve fitting and statistical analysis without considering effects
of order magnitude and units of the factors.

Table 6.6 presents the statistical results showing that the model is significant due to the low p-
value (0.000<0.05). P value can be considered stand alone as the best decision parameter to check if
the model is significant or not. Finally, the R?=0.991 and adjusted R?>=0.975 reveals that the model is
very accurate. Refer to Table 6.2, the predicted data closely match the experimental data,

demonstrating that the suggested model (Equation 6.3) effectively describes and navigates the design

space.*?
Table 6-6. Analyse of variance results for the quadratic model and the significance of
RSM model.
Dep. Variable: Degradation R-squared: 0.991
Model: OLS Adj. R-squared:
0.975

Method: Least Prob (F-statistic): 0.000
Squares

coef std err t P value
const 83.881 1.062 78.961 0.000
A -5.777 0.625 -9.243 0.000
B 10.183 0.625 16.293 0.000
C 7.895 0.625 12.632 0.000
AB 1.565 0.699 2.240 0.075
AC -0.508 0.699 -0.726 0.500
BC 0.238 0.699 0.340 0.748
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A? -4.492 1.233 -3.644 0.015
B2 -4.472 1.233 -3.628 0.015
c? 0.018 1.233 0.015 0.989

Figure 6.11 shows perturbation plots to analyse the certain effect of three factors (reaction time,
catalyst amount, and MO dye concentration) on dye degradation. To plot each of these factors, one
factor is varied from -1 to +1 coded values or from its minimum to maximum relevant actual levels,
while the other factors were set to their centre point or their middle-coded values (zero).

represents all coded and actual values for each factor. At the centre point, the dye concentration
is 15 ppm, the catalyst amount is 1.5 mg, and the time is 15 minutes. Based on this plot, each factor
is perturbed from its centre point to observe the effect of each factor on the response.

According to Figure 6.11, the sharp curvature in the plot for factors A (MO dye concentration)
and B (catalyst amount) in comparison with factor C (reaction time) shows that dye degradation is
very responsive to these two factors. In Figure 6.11, the relevant plot for factor C shows that the
degradation ratio increases linearly over time from 10 to 20 mins or its -1 to +1 coded values as the
trend is linear and ascending but since its slope is constant, the change in the degradation trend is not
sensitive to time. Also, it is in agreement with Table 6.6 data that the p-value for C? (0.989) is much
higher than the 0.05 confidence level and is not significant.

In Figure 6.11, the plot for factor B shows that the catalyst amount trend ascends, and its slope
declines after the centre point. Although the degradation ratio increases with the catalyst amount from
1 to 2 mg, further catalyst addition can negatively impact the degradation rate after its centre point as
a critical point in the catalyst amount is reached. It might be due to the accumulation of photocatalyst
nanoparticles and the loss of their active sites. The changes in B plot behaviour can also be observed
in Table 6.6 as the P-value for parameter B2 is 0.015 and significant. Therefore, factor B changes can
significantly affect the degradation trend.

To study factor A, it should be noted that the plot slope decreases slightly with increasing dye
concentration from 10 to 15 ppm or its -1 to 0 coded values. Then, it declines sharply from the centre
point onwards. It means that although increase of dye concentration can reduce dye degradation, its
effect can be increased after the centre point. It might be due to the absorption of a maximum amount
of ultraviolet light by dye molecules instead of the catalyst particles. Essentially, it serves as a barrier
that prevents light from reaching the catalyst surface. According to Error! Reference source not

found., the P-value for parameter A2 is 0.015, which is also significant.
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Figure 6.11. Perturbation plot of each process factor (A: MO concentration, B:
catalyst amount, and C: time).

Figure 6.12 (a-c) portrays the impact of different factors on the response (degradation ratio)
through 3D plots. In each of these plots, two factors are altered across their full range from minimum
to maximum actual values, while the third factor remains fixed at its intermediate level. Changing the
colour from dark blue to yellow is used as a mark to show the response changes. Dark blue and yellow
have been placed in the lowest and highest levels of degradation ratio, respectively, considering the
effect of relative factors.

Figure 6.12 (a) indicates the interaction of two factors, A and B, MO concentration and the
catalyst amount, respectively, on the degradation ratio at a constant time (15 min), as factor C. It also
shows that by increasing the catalyst amount from 1 to 2 mg, the degradation ratio is increased. These
plots demonstrate that increasing the amount of catalyst can neutralise the effect of high concentration
of MO dye due to the increased probability of UV light collision with the photocatalyst particles.
However, the effect of increasing the amount of catalyst at low dye concentration (10 ppm) is more
than at a high concentration (20 ppm) as the slope of the relevant point (yellow area) is in the highest
possible place. Increasing the catalyst amount enhances the number of active sites required for the
reaction, but after increasing the MO dye molecules in the solution, they may compete to absorb the
UV light. Because the amount of MO dye molecules in high concentrations is much more than the
threshold point, most of the UV light can be absorbed by dye molecules instead of the photocatalyst
surfaces, reducing the formation of electron and hole charges.

Figure 6.12 (b) has been plotted by considering the interaction between factors A and C, MO

concentration and time on the degradation ratio at a constant amount of photocatalyst (1.5 mg), as
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factor B. It shows that the dye degradation ratio linearly increases over time while it decreases over
dye concentration at a constant catalyst amount. It means that to neutralise the negative effect of the
high MO concentration, the reaction time can be modified. In contrast, to save energy and time, it is
better to use a low concentration of dye. However, in the case of keeping the amount of catalyst
constant, the best result is achieved once the maximum time and the minimum dye concentration are
selected as the conditions for the large-scale reactions.

Figure 6.12 (c) shows the interaction of two factors B and C, catalyst amount and time,
respectively, on the degradation ratio at a constant MO concentration (15 ppm). It shows that when a
minimum amount of catalyst (1 mg) is used for the reaction, even by increasing the time, the result is
placed in the blue area and is not worth mentioning yet. However, when applying moderated or
maximum catalyst amounts, the result is significant even using the minimum time. It means that the
effect of catalyst amount on the degradation ratio is much higher than that of time, and it can play an
important role in controlling the efficiency. According to Figure 6.12 (c), the simultaneous increase
of reaction time and catalyst amount shows the best result for the degradation ratio near 100 %
degradation by creating a suitable and enough interaction between UV light and active sites on
photocatalyst surfaces to generate enough charge carriers to interact with dye molecules. Also, fewer
electron and hole charges are produced to react with MO molecules at a lower catalyst amount, and
the dye degradation is thus reduced. However, in the middle range of catalyst amounts, time can play
a significant role in achieving high efficiency. As a result, to monitor the reaction at a larger scale,
engineers can decide which changes are more reasonable to implement according to the price of

energy and materials used for the fabrication of the photocatalysts.
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Figure 6.12. 3D response surface plots of dye degradation rate in terms of (a) MO

dye concentration (ppm) and catalyst amount (mg) (b) reaction time (min) and MO
dye concentration (ppm), and (c) catalyst amount (mg) and reaction time (min).

6.5.2. Characterisation of AusNCs/SMTIiO2 photocatalyst after dye degradation by XPS

The MO dye solution, including the dispersed photocatalysts, was centrifuged after finalising
the reaction and decanted the mother solution. The precipitated solids were then washed two times
with deionised water and ethanol and after being dried, were characterised by XPS. According to
Figure 6.13, the Aug NCs high-resolution XPS result showed that the Aug biding energy after the
reaction (84.5 eV) still stayed at the range of nanoclusters features. Therefore, no significant
agglomeration has occurred during the photocatalytic dye degradation, and it can be reused in the

second cycle.
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Figure 6.13. High resolution XPS analysis of Aug NCs after dye degradation reaction.

6.6. Conclusion:

The results of XPS and HRTEM analyses revealed that morphologically and chemically
modified TiO2 nanoparticles represent a promising substrate to adsorb a high level of non-
agglomerated Auy NCs even after heat treatment. To produce an efficient photocatalysis system, the
MPTMS molecules were first grafted onto the MTiOz2 surfaces, and Aug NCs were then deposited
onto SH functionalised MTiO2 nanoparticles and heated to remove the ligands bonded to the Aug
core. According to our best knowledge, the photoactivity of the prepared catalysts depends on the
size and loading level of Aug NCs. Therefore, making a porous structure was our first strategy to
avoid cluster mobility and agglomeration. However, when heat treatment was utilised, it was found
that the binding between clusters and MTiO2 surfaces was not strong enough at the enhanced
temperature, resulting in agglomeration. Therefore, the second strategy, S functionalisation, was
applied to improve the MTiOz2 surface to gain our aim that was to preserve the Au cluster sizes even
after annealing. S groups formed stronger complexes between Aus NCs and MTIiO:2 substrates,
reducing the extent of agglomeration during annealing. Also, BET and XRD were used to analyse the
porosity status and crystallinity size and phase of the prepared substrates. The anatase phase of TiO2
exhibits superior photoactivity compared to other phases. NEXAFS, FTIR, and sputtering methods
proved that S functionalisation was successfully performed. The photoactivity of the prepared
photocatalysts, AusNCs/SMTiO2, was tested in methyl orange (MO) dye degradation. The MO
degradation was monitored at different dye concentrations, times, and catalyst amounts based on the
central composite design and the results, along with the effects of parameters and their interaction on

MO degradation, were discussed using response surface methodology (RSM).

6.7. Supplementary Section:
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The relevant information for each section has been reported in the main context.
6.7.1. Scherrer’s equation:

Particle Size = (0.9 x 1)/ (d cos 0)

L=1.79 A (in the case of Co Kal)

0 =20/2

d = the full width at half maximum intensity of the peak (in Rad)

To convert from angle to rad

Rad = (22 x angle) / (7 x 180) = angle x 0.01746

. . 0.9x1.794 . g
MTIO: t= (E205angle o 00g73rad)cos 29.6/2 190.87 A =
19.09 #+ 0.1 nm

. _ 0.9x1.794 _ g
SMTIO: t= @95angle - 00873rad)cos 29.7/2 190914 =
19.09 + 0.1 nm

6.7.2. NEXAFS analysis:

—— S-L-Cysteine —— S-L-SMTiO,

Intensity (arb.u.)

159 /KZI 165 168 171 174 177 180 183
Energy(eV)

Figure 6.14.(S1) NEXAFS spectra at the S L-edge Cysteine as a reference, and SMTiO2
sample.

6.7.3. XPS analysis:
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Figure 6.15. (S2) High resolution XPS of Au4f in (a) Aug NCs/MTiO2 and (b) Aug
NCs/SMTiO2 nanocomposites after annealing treatment to remove the ligands.

6.7.4. STEM section notes
6.7.4.1.  Ligated Aug clusters, mesoporous TiO2

Frame 1

Frame 5 Frame 10

Figure 6.16. (S3) HAADF frames from EDS mapping of MTiO:2 after deposition of Aug
clusters showing migration of Au during the scanning of the scanning of the electron beam
across the surface. The sample was not heated to remove the ligands on the Aug clusters.
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Figure 6.17. (S4) Integrated spectrum from EDS mapping of MTiOz after deposition of
Aug clusters showing the presence of Au, Ti, and O. The sample was not heated to remove
the ligands on the Aug clusters.

Figure 6.18. (S5) HAADF image of MTiO: after deposition of Aug clusters showing
measurements of some of the Au nanoclusters. The sample was not heated to remove the
ligands on the Aug clusters.

134



6.7.4.2.  Aug core, mesoporous TiO2

Figure 6.19. (S6) EDS maps of MTiO2 after deposition of Aug clusters after heating
to remove ligands showing presence of O, Ti, and Au.

Frame 10 Frame 20

Figure 6.20. (S7) HAADF frames from EDS mapping of MTiO: after deposition of
Aug clusters and heating to remove ligands showing very little migration of Au during
the scanning of the scanning of the electron beam across the surface.
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Figure 6.21. (S8) HAADF image of MTiO: after deposition of Auy clusters and heating
to remove ligands showing measurements of some of the Au nanoclusters.
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6.7.4.3.  Ligated Aug clusters/SMTiO2 nanocomposite

Frame 1 Frame 5 Frame 10 Frame 15 Frame 20

Figure 6.22. (S9) HAADF frames from EDS mapping of SMTiO: after deposition of Aug
clusters showing migration of Au during the scanning of the scanning of the electron beam
across the surface. The sample was not heated to remove the ligands on the Ausg clusters.

Figure 6.23. (S10) EDS maps of SMTIiO: after deposition of Aug clusters showing
presence of S, Ti, and Au. The sample was not heated to remove the ligands on the
Aug clusters. Note that significant agglomeration of Au atoms has occurred due to
interaction with the electron beam.
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Figure 6.24. (S11) HAADF image of SMTiO: after deposition of Aus clusters showing
measurements of some of the Au nanoclusters. The sample was not heated to remove the
ligands on the Aug clusters.
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6.7.4.4.  Aug core /[SMTiO2 nanocomposite after heating to remove ligands.

Frame 1 Frame 5 Frame 10 Frame 15

Figure 6.25. (S12) HAADF frames from EDS mapping of SMTiO: after deposition of Aug
clusters and heating to remove ligands showing migration of Au during the scanning of the
scanning of the electron beam across the surface.

Figure 6.26. (S13) EDS maps of SMTiO: after deposition of Aus clusters after heating to
remove ligands showing the presence of S, Ti, and Au. Note that significant agglomeration
of Au atoms has occurred due to interaction with the electron beam.

139



5 nm

Figure 6.27. (S14) HAADF image of SMTiO2 after deposition of Aug clusters and heating
to remove ligands showing measurements of some of the Au nanoclusters.

140



Au, deposited on MTiO,

()

Before Heating | (b) F » After Heating

Au, deposited on SMTiO,

Before Heating (d)

Figure 6.28. (515) HAADF images of Aug deposited on photocatalyst substrates before and
after heating to remove ligands from Aug. Image a) Aus on MTiOz2 before heating, b) Aus on
MTiO: after heating, c) Aus on SMTiO2 before heating, and d) Aus on SMTiO: after heating
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CHAPTER 7: ENHANCED PHOTOCATALYTIC DEGRADATION
OF METHYL ORANGE USING NITROGEN-FUNCTIONALISED
MESOPOROUS TIO2, DECORATED WITH AUs NANOCLUSTERS

7.1. Abstract

Nanocomposites of N functionalised mesoporous TiOz (NMTiO2) embedded with Aug
nanoclusters (Aus NCs) were created using a chitosan-assisted soft templating method and chemical
deposition of Aug NCs. Chitosan, acting as a biocompatible template, facilitated chemical and
morphological modification of the surface. The calcination atmosphere influenced the substrate
colour and surface properties associated with the Aug NC adsorption. Through XPS, it was found that
substrate surface modifications prevented the agglomeration of Aus NCs adsorbed to the material
surface and enhanced the overall loading with Aug NCs. The photocatalytic effectiveness of these
materials was probed in methyl orange (MO) dye degradation and studied by kinetic plots. The results
showed that Aus NCs loaded on black NMTiO2 were highly effective, completely degrading MO
dyes within 20 minutes due to its large reaction constant (0.176 mint). Parameter interactions were
explored using response surface methodology (RSM) and the dependency of MO degradation on the

affecting parameters was evaluated based on the statistical analysis and 3D plots.

7.2. Introduction

Water pollution resulting from chemical and food industry runoff is of growing ecological
concern.! A wide range of chemical industries, including dye manufacture, textile and cosmetics
production, release toxic, and nonbiodegradable dyes into the environment. Nearly half of the dyes
utilised in the textile and dye industry are azo dyes. Methyl orange (MO) is widely used as a water-
soluble azo dye. The elimination of harmful and persistent organic compounds from water involves
a range of physical, chemical, and biological processes. Multipurpose chemical processes have
demonstrated high efficiency and yield in pollutant degradation.??

Heterogeneous semiconductor-mediated photocatalysis systems provide a significant
advantage over other advanced chemical processes. It facilitates the mineralization of all organic
pollutants, like azo dyes, into water and carbon dioxide molecules with a high degradation efficiency.
4,5

Among the semiconducting metal oxides studied, Titanium dioxide (TiOz2) is a commonly
employed photocatalytic material in environmental applications due to its exceptional performance,
chemical durability, resistance to photo corrosion, minimal toxicity, cost-effectiveness, and

environmentally friendly nature.®” Due to rapid electron-hole recombination, photocatalysis is
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limited. To solve this problem, semiconducting photocatalysis can be decorated with different noble
metals like Au as electron sinks.89

Most previous studies focused on metallic nanoparticles with sizes between 5 and 100 nm, concluding
that the activity increased with decreasing size.1%1? It is also common to observe a volcano-type trend
with an optimum particle size for the catalytic reaction.'® Rarely, the catalytic activity of nanoparticles
may decline with smaller size or be unaffected by size.'>!41> The achievement in synthesizing
atomically precise nanoclusters (NCs) has opened up new opportunities to study the catalytic
reactions.'® They have shown to be active electrochemical,’’'® photo,’®*?° and thermo!32%22
catalytically in a variety of reactions. Au NCs smaller than 1.5 nm exhibit a molecule-like quantized
electronic structure owing to the quantum confinement effect.1217.19

Due to their well-defined atomic structures and unique features, triphenylphosphine ligand-
protected Au nanoclusters (Au NCs) have recently attracted interest as co-catalysts in photocatalysis.
To develop an effective photocatalytic setup, eliminating ligands through thermal treatment is often
necessary. The objective is to promote direct interaction between the Au cluster cores and the
semiconductor surface, facilitating contact between reactants and the Au cluster cores. Ligand
removal can impact the size of the Au clusters, potentially causing them to aggregate due to heat
treatment, thereby compromising their distinct characteristics.?3-%’

To enhance the productivity of photocatalytic processes, precise monitoring of the size and
optimisation of the quantity of Au NCs loaded onto semiconductor surfaces is paramount.
Morphological and chemical modifications are applied to TiO2 surfaces by making porous
frameworks and adding functional groups to the surfaces to address the above-mentioned issues. In
this study, both modifications were combined into a simple synthesis procedure.

Several studies have been conducted on mesoporous TiO2 (MTiOz) synthesis because of their
unique properties, including a high surface area, a high density of surface defects and an extremely
well-defined porous structure 28. In most instances, mesoporous TiO2 (MTiO2) is synthesised using
soft templating methods using surfactants, polymers and biopolymers as templates.?>% There are
three steps in creating samples using this method: template preparation, target production by a sol-
gel or hydrothermal method and removing the template with a physical (pulverization and spray)
method, or chemical reaction (calcination method).3!

Biopolymers like chitosan can be used as soft templates, which are also used as natural N and
C resources for making NMTiO2. The biodegradability and biocompatibility of chitosan®?, a
polycationic polysaccharide, make it an ideal choice as a template33. Since chitosan consists of
glucosamine and acetylglucosamine units containing carboxyl and amine functional groups, it
requires no chemical modifications to form the chelate with TiO2 unites, to fabricate the mesoscopic

phases, and to facilitate N functionalisation after the calcination step.®* N attached to the surface can
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be used as active sites to make strong complexes between co-catalysts and MTiO2 surfaces to increase
the loading level and decrease the agglomeration of cocatalysts.3>-37

This study focuses on developing an efficient heterogeneous photocatalysis system using high-
loaded Aug NCs decorated NMTiO2 nanoparticles. XPS was employed to investigate how surface
modifications influenced both the agglomeration of Aug NCs and intensity ratios. The photoactivity
of the nanocomposites was then studied in the degradation of methyl orange azo dyes. A central
composite design along with RSM made it possible to identify critical factors and their interactions,

reducing the required experiments.

7.3. Experimental section

7.3.1. Materials and Methods:

7.3.1.1.  Materials and synthesis procedure of Aus clusters:

Detailed information of synthesis and characterisation of Aus NCs has been reported in Chapter

7.3.1.2.  Materials and synthesis procedure of the white and black NMTiOz substrates:

Chitosan with a medium molecular weight, acetic acid, ammonia solution (25% w/w), absolute
ethanol, methanol, titanium tetraisopropoxide (TTIP), methyl orange, and HCI (37% w/w) were
purchased from Sigma Aldrich and utilised without further purification.

Three grams of chitosan powder were mixed with 100 ml of aqueous acetic acid (5% v/v) for
one hour to obtain a solution (3% w/w). Titanium chloride solution was prepared by adding 1.5 g
(0.0053 mol) of titanium (IV) isopropoxide to 10 ml of HCI (37%) mixed with 50 ml of deionized
water. The prepared solution was then added to the chitosan solution (1:1 (w/w) of Ti precursor to
chitosan solution) and stirred at room temperature for two hours. After preparing the solution, it was
added dropwise into 50% aqueous ammonia while being stirred. A gel was formed after stabilising
for 1 hour in the ammonia solution. Finally, the particles were centrifuged and subsequently washed
2 times with deionized water and 3 times with methanol, dried at 40 °C and, calcined at 400 °C, 500
°C, and 600 °C in air to remove the chitosan. The photocatalyst is termed as NMTiO2 (1:1). The
template was removed from the sample during calcination, and black colouration occurred when the

atmosphere was changed from air to Ar.

7.3.1.3.  Synthesis of NMTiO2/Aus NCs photocatalysts:
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In summary, as can be seen in Figure 7.1, to prepare the NMTiO:2 substrates, the sol-gel
method was combined with homogeneous precipitation and xerogel carbonization in both air and
hypoxic atmospheres. Chitosan was used as a template to generate a mesoporous structure and a
suitable resource for N modifying. The colour of the substrate turned black when the carbonization
atmosphere changed from air to Ar. To synthesise the desired nanocomposites, Aus NCs were
chemically deposited onto the surface of the prepared substrates. Finally, phosphine ligands were
removed by annealing to prepare photocatalysts based on Au cluster modified MNTiOz2 surfaces.

To deposit Aug NCs onto NMTiO2 surfaces, the solution of Aug NCs was firstly prepared by
dissolving (1 mg, 4.63x10°® mol) of the dark green [Aus(PPhs)s] (NO3s)s crystals in 2 ml of methanol.
10 mg of each black and white MTiO2 was then mixed with 2 ml of Aug NC solution while stirring
with a magnetic stirrer for 1 hour at room temperature to give a white or black suspension. The
suspension was centrifuged, and the crude sample was then placed under vacuum at room temperature
for ~5 hours to remove the residual methanol. The sample was then placed in a vial, capped, and
stored in the dark at ~4 °C to minimize any potential aggregation and/or degradation.

To remove the triphenyl phosphine ligands by thermal treatment, NMTiO2 compounds
decorated by Aug NCs were drop casted on the Si wafers. They were then annealed at 200 °C under
vacuum for 10 mins. Samples were then cooled at room temperature under reduced pressure. The

materials were preserved by storing them in a refrigerator maintained at 4°C.

NMTiO2/Aug NCs nanocomposites
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Figure 7.1. Synthesis procedure of NMTiO2 decorated by Aug NCs

7.3.1.4.  Photocatalytic test using black NMTiO2/Aus NCs nanocomposites:

White and black NMTiO2/Aus NCs nanocomposites and their relevant substrates were
suspended in 3 ml of MO dye solution to study MO dye degradation. The tube and its contents were
then exposed to UV light. For mixing, a Vortex Fluidic Device®-*° (VFD) equipped with two 10 W
Hg lamps with UV light (254 nm) was used. This study is designed to evaluate the photoactivity of
the prepared nanocomposites based on their kinetic plots (-In C/Co over time). After the selection of

the best photocatalyst based on the obtained reaction constants, which was the black NMTiO2/Aug
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NCs, its degradation efficiency was studied as a function of three independent factors presented by
the codes A for the MO dye concentration (ppm), B for the catalyst amount (mg), and C for the
reaction time (min) as described in Table 7.1.

Table 7-1. Experimental and coded levels of the selected factors.

Levels
) Code
Factor Unit Code for each factor

-1 0 +1

levels

MO
) ppm A Actua 10 15 20
concentration |

Catalyst amount mg B 1 15 2

) ) levels
Time min C 5 10 20

Table 7.1 shows there are three coded and actual levels for each parameter. Coded levels from
minimum (-1) to maximum (+1) are used to make all the parameters unitless to observe the relation
between them as will be discussed below. The central composite design using a self-written Python
codes (Ver. 3.10.7) and different libraries (NumPy, Pandas, etc.) was used to design a minimum set
of experiments for the most photoactive nanocomposite, black NMTiO2/Aus NCs, to study the
relation between factors by RSM. Accordingly, the total number of required experiments is fifteen,
as can be seen in Table 7.2. Evidence our experiments have been carried out with a high precision is
that the results predicted by RSM are close to those achieved through the experimental results as

presented in Table 7.2.

Table 7-2. Centre composite design with experimental and predicted responses

Factor 1 Factor 2 Factor 3 Response 1 RSM
A:MO Conc. B:Cat. amount C:Time Deg. Deg
ppm mg min % %

10 1 10 64.45 65.52

20 1 10 52.25 51.70

15 15 10 82.33 81.40

10 2 10 84.95 84.62

20 2 10 77.55 78.29

15 1 15 73.85 73.78

10 15 15 90.19 89.66

15 15 15 89.83 89.70

20 15 15 78.14 78.73
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15 2 15 93.74 93.88

10 1 20 85.55 84.80
20 1 20 68.95 69.26
15 1.5 20 96.09 97.08
10 2 20 97.87 98.41
20 2 20 91.45 90.36

A selected amount of the photocatalyst was dispersed in 3 ml of dye solution and exposed to
UV light for the chosen time. Experiments were carried out with 900 rpm rotation speed and under
constant UV light intensity. The suspended catalyst particles were centrifuged under 12000 rpm for
10 mins. The MO concentration was assessed by employing a UV-Visible spectrophotometer
(PerkinElmer) set to measure at its maximum wavelength of 466 nm. The degradation was calculated

using the formula reported in our previous work as can be found in references.*%4
7.3.2. Modelling

7.3.2.1. Response surface methodology (RSM):

Experiments were designed based on the central composite design (CCD) and the results were

analysed by RSM to achieve statistically significant results as described in Chapters 3 and 6.

7.3.3. Characterisation

Chapter 2 provides a detailed description of all the methods used for characterisation.

7.4. Results and discussion

74.1. FTIR

FTIR spectroscopy was used to identify the functional groups on the surface of black NMTiOz,
white NMTIiO2, hybrid of TiO2 and chitosan before calcination and pure chitosan (Figure 7.2). All
spectra have a same broad peak in the region 3200-3600 cm™! corresponding to N-H and O-H
stretching vibration.*3

In Figure 7.2 (a-c), the broad peak centred at 3400 cm ™ and a peak at 1649 cm™! in the white
NMTIiO2, black NMTiO2, and P25 spectra are attributed to the stretching vibration of moisture
adsorbed to the surface and characteristic bending modes of Ti-OH, respectively.** Also, Ti-O
stretching modes and Ti-O-Ti bending vibration can be detected as broad peak in the range of 600—

800 cm™* confirming TiO2 nanoparticles (NPs) exist in our compounds.*>-47
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In Figure 7.2 (a, d, and e), peaks at around 2901, and 2974 are assigned to asymmetric, and
symmetric stretching vibration of —-CH and peak at 1065 cm™* corresponds to the stretching vibration
of C-O-C.*® These peaks in Figure 7.2 a show the detectable existence of the organic compounds in
the black NMTiO2 while this was not the case in the white NMTiO2 due to the minimal residual
organic compounds remaining after the calcination process in air (Figure 7.2 b). As depicted in Figure
7.1 a, the C-N stretching peaks appear at 1394 cm™ and 1252 cm™!, confirming the presence of
characteristic chitosan peaks.*%

Transmittance

—— Black NMTiO,

— White NMTiO,
P25
— Hybrid of TiO, and chitosan before calcination
—— Chitosan
3600 3100 2600 2100 1600 1100 600

Wavenumber(cm™)

Figure 7.2. FTIR spectrum of (a) black NMTiOz2 (b) white NMTiO2 (c) P25 (d) Hybrid of
TiO2 and chitosan before calcination (e) chitosan

This is in agreement with the TGA results showing black NMTiOz has higher C content (8.6%)
than white NMTiO2 (2%), as presented in Figure 7.3. This figure shows TGA analysis of the white
NMTIO2 and the black NMTiO2. The effect of the gas phase atmosphere during calcination was
investigated at constant temperature, 600 °C. Change in the atmosphere from air to Ar caused a
change in colour from white to black. The thermal behaviour and weight loss curves of the prepared
white and black NMTiO2 were studied.

In Figure 7.3 (a), the weight losses of a white NMTiO2 are shown in four stages and are in total
2%. First and second stage losses are in the range of 35 °C to 230 °C with a weight loss of 1.2%, in
which probably the total physically and chemically absorbed water molecules evaporated.3351-53
Therefore, two small sholders in the temperature range between 230 °C and 800 °C with a weight
loss of 0.8% can be attributed to the chitosan molecular chains breaking free and its decomposition.>

In Figure 7.3 (b), the decomposition of black NMTiO2 can be divided into two separate stages.
Its total weight loss is 8.2%. In the initial phase, occurring between 30°C and 250°C, there is a 3.2%

reduction in weight primarily due to moisture evaporation.3351-53 Subsequently, between 250°C and
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700°C, there is a significant weight decrease of about 5% in the prepared black NMTiO2. This second
stage is associated with the combustion of organic compounds and the dihydroxylation of NMTiO:x.
The weight difference between the two substrates in the temperature range of 250 °C to 800 °C,
which can be related to the combustion of organic compounds and phase transitions, is approximately
4.2%. It shows the black NMTiO2 exhibits a higher degree of organic moieties compared to the white
NMTiO:. In addition, the weight loss difference of the two substrates in the temperature range of 25
°C to 250 °C corresponds to adsorbed water and is 2%. Therefore, more water molecules adsorbed
on the black NMTiOz surface. This is most likely due to a larger surface area and higher porosity.

BET results support this explanation and are discussed later.
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Figure 7.3. Thermogravimetric analysis (TGA/DTG) of (a) white NMTiO2 calcined in air with 2%
weight loss and (b) black NMTiOz2 calcined in Ar with 8.2% weight loss.

7.4.2. NEXAFS and XRD analysis:

As depicted in Figure 7.4, the Ti L-edge spectra of all examined samples, including references
in Figure 7.4 (a) and two prepared substrates in Figure 7.4 (b), exhibit two doublet peaks within the
range of 455 eV to 470 eV. These peaks correspond to excitations of the Ti 2p levels into the
unoccupied Ti 3d orbitals. Notably, these orbitals are divided into t2g and eg orbitals due to octahedral
symmetry characteristics.>*% The overall spectral pattern remains consistent across all samples, with
an exception observed within the 458.7 eV to 461.7 eV range. Consequently, a comparison of the Ti

2p L-edge spectra for four examined references and two prepared samples was facilitated using the

153



peaks at 459.8 eV and 460.8 eV. In both spectra associated with the prepared samples, a more intense
peak is discernible at 459.8 eV than at 460.8 eV. This specific pattern in the spectral region bears
resemblance to that observed in the anatase reference sample.
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Figure 7.4. Ti 2p L-edge NEXAFS spectra of (a) TiO: references and (b) prepared samples.

These findings collectively indicate that the anatase phase dominates within both prepared
samples, a conclusion corroborated by the results obtained from X-ray Diffraction (XRD) analyses.
As depicted in Figure 7.5, the structural features of white NMTiO2 and black NMTiO2 were
determined by using XRD. The main XRD patterns of the white and black NMTiO2 nanostructures
show diffraction peaks at 20 = 25.3°, 37.9°, 48.2°, 55.0°, 55.3°, and 62.8°, which are consistent with
the anatase phase (A) of Ti02.% In addition, small peaks are observed in white NMTiO2, consistent
with the pattern for rutile phase®” (R) which are negligible compared to Anatase phase. The XRD
pattern shows two small broad peaks at about 23.5° and 43.9° in the white NMTiO2 nanocomposites
and a broad peak at 31° in the black NMTiO2 nanocomposites corresponding to the chitosan used as

the template which may be partially graphitized during calcination.58-60
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Figure 7.5. XRD patterns of the white and black NMTiO2 nanostructures.

NEXAFS spectroscopy was also used to determine the geometry and bonding of N species. In
NK-edge NEXAFS spectra of the black NMTiO: (Figure 7.6), there are three well-defined N 1s —
7* transition features around 398.6 €V, 401.6 ¢V, and 406.7 eV. Peaks around 401.6 eV and 406.7
eV are common in both white and black NMTiO2 spectra. The features at 401.6 eV can be associated
with different N forms including amidic N groups (N species with oxygen-rich groups such as
carboxyl as neighbours)®* and potentially graphitic N referring to the N atoms directly substituting
the carbon atoms.®? The features at 406.7 eV corresponds to overlapped N1s — 7* transition of
different N species of e.g. pyridinic, amides and amines®. In the black NMTiOz spectrum, the first
resonance at 398.6 eV can be associated with aromatic N-containing compounds like pyridines and
pyrazines.®! Considering the absence of these N species in chitosan, it is plausible that the structure
of chitosan undergoes transformation during the calcination process in an Ar atmosphere. These
changes are hypothesized to involve the incorporation of N atoms at the edges of the graphene
structure, a configuration commonly referred to as pyridinic N2, This proposed transformation
highlights the dynamic nature of the chitosan structure under specific calcination conditions,
potentially leading to the formation of distinct N-containing groups at the graphene edges,

contributing to the observed N 1s — 7 * transition features.® However, the nature of N attached to

the surface is not certain. It should be noted that the above assignment of the features in the N NEXAF

spectrum is not exhaustive and potentially could also be assigned to other species.
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Figure 7.6. N K-edge NEXAFS spectra of white and black NMTiO:2 substrates

7.4.3. XPS analysis:

To further investigate the surface chemistry and elemental composition of the prepared
photocatalysts, black and white NMTiO2 NPs were separately sputtered under UHV with 3 keV Ar*
and a sputter dose of 1.2 x 10*1% jons/cm?. After the heating process, sputtering was applied in a UHV
environment at a pressure of 107 mbar and a temperature of 200 °C for a duration of 10 minutes.
This procedure aimed to eliminate any moisture and hydrocarbon impurities that had been adsorbed
onto the surface. Sputtering resulted in the removal of a thin layer of surface atoms, enabling an
investigation into the inner layers and overall bulk structures of both black and white NMTiO:
nanoparticles. After heating and sputtering, XPS was applied.

Figure 7.7 depicts the high-resolution XPS N1s spectra of both black and white NMTiO2
nanoparticles. The spectra are presented in three states: without any treatment (a, a’), following a
heating treatment designed for surface cleaning (b, b’), and after sputtering (c, c’).

In all spectra presented in Figure 7.7, a consistent peak is evident at approximately 401 eV.
This peak is likely attributed to substitutional/graphitic N®4-%% or N atoms that are bonded to different
surface oxygen sites within the lattice, such as the Ti—-O-N linkage.":

Another notable peak observed solely in the black NMTiO:2 spectrum (Figure 7.7 a-c) at 398.4
eV can be plausibly attributed to pyridinic N4656% or in the form of an O-Ti-N linkage %870,
Following sputtering (Figure 7.7 c and c'), new peaks emerged at around 396.5 eV for both samples.
This emergence is likely linked to chemisorbed N in the graphite-like N or the formation of Ti-N
linkages.% "t Consequently, the detection of distinct N peak positions across all samples, even post-
sputtering, implies the successful functionalisation of diverse N configurations within both prepared
NMTiO:2 structures. It should be noted that N XPS in this case does not reveal the nature of the N

species unambiguously. However, it can be noted that the 398.4 and 396.5 eV N species are more on
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the nitride side of the possibilities and the 401 eV species on the ammonium or organic matrix side

of the possibilities according to the reference.”
The relative XPS intensities (Table 7.3) show that black NMTiO: has three times greater N

content and four times higher C content in atomic percentage compared to those of white NMTiOz2.

The results demonstrated that the percentage of C and N was contingent upon the atmosphere

environment for calcination.

Table 7-3. XPS C 1s and N 1s relatively intensity ratio in black NMTiO2, and white NMTiO2

Samples N intensity (%) C intensity (%)
Black NMTiO2 0.9 13.7
White NMTIiO2 0.3 3.0

. Nis (a) P Nis (@)

(b) »)

Intensity

408 406 404 402 400 398 396 M8 406 404 402 400 398 396 394
Binding energy (eV) Binding energy (eV)

Figure 7.7. N 1s XPS spectra of (a-c) black NMTiOz2 and (a’-c’) white NMTiOz in different
condions (a and a’) Befoe treatment, (b and b’) After heating treatment, and (c and c’)
After sputtering.

7.4.4. BET and BJH analysis:

In Table 7.4, Textural properties such as BET surface area, pore size, and pore volume were
assessed and compared between black NMTiO2, white NMTiOz, and the commercially available
Degussa P25 photocatalyst. To determine the specific surface area and pore volume, the BET method

and BJH model were applied, which also allowed for the examination of pore size distribution.
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Table 7.4 shows that the average pore size of Degussa P25 photocatalyst, black NMTiO, and
white NMTIiO2 are 4.1 nm, 5.6 nm, and 6.00 nm, respectively. It shows that all TiO2 nanoparticles
represented in Table 7.4 have mesoporous structures’.

Table 7.4 also illustrates that the BET surface area of black NMTiO2 is 108.2 m?/g, which is
significantly greater than that of white NMTiO2 (63.23 m?/g) and Degussa P25 (79.15 m?/g) which
plays key role in photocatalytic processes.

As can be seen in Table 7.4, the pore volume value for black NMTiO2 estimated by using BJH
method is 0.19 cm®/g, and higher than that of white NMTiOz2 (0.13 cm?3/g) and commercially Degussa
P25 (0.15 cm®/g) samples.

The results indicate that calcination of TiO2under Ar to remove the chitosan resulted in a black
NMTIiO2 substrate with the advantages of the higher BET surface area and pore volume in comparison
with other substrates (P25 and white NMTiOz), which can be important to have more loading level

and minimum aggregation of co-catalysts.

Table 7-4. BET/BJH Adsorption analysis from P25, black NMTiOz, and white NMTiO2

Surface Area Pore VVolume Pore Size
Sample
m2/g cmd/g nm
P25 79.15 0.15 4.10
Black NMTiO2 108.02 0.19 5.60
White NMTiO2 63.23 0.13 6.00

7.4.5. Morphology

In Figure 7.8, the morphology of white and black NMTiOz are shown. The surface roughness
in Figure 7.8 (b) for the black NMTIiO:: is greater than Figure 7.8 (a) for the white NMTiO2 which
might contribute to a greater surface area, aligning with the findings from the BET results presented
in Table 7.4.
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Figure 7.8. SEM images of (a) white NMTiOz, and (b) black NMTiO2

7.4.6. Attachment of Aus clusters onto the NMTiO2 surfaces:

As can be seen in Figure 7.9 (aand b), XPS was used to study the binding energies and relatively
intensities of Aug clusters after the deposition and annealing process, assessing the effect of each
process on size and ratio of Aug NCs attached to the white and black NMTiO2 semiconductors. All
peak positions and intensity ratios of Aug NCs are also summarised in Table 7.5.

The final state effects in XPS 7 provide an opportunity to identify the Aus NCs size based on
the Au 4f7/2 peak position and the full-width-half maximum (FWHM) 237577 Non-agglomerated
(namely high binding peak, HBP) and agglomerated (namely low binding peak, LBP) Aug NCs
exhibit binding energies between 84.6-85.2 eV and 83.7-84.4 eV, respectively.?478-80 Thus, cluster
peaks are generally shifted to higher binding energies in comparison with larger nanoparticles.

In entries 1 and 2 in Table 7.5. (as shown in Figure 7.9 (a and b)), it can be observed that after
deposition of Aug NCs onto white NMTiO2 Au 4f7/2 binding energies appeared at 84.9 eV with 0.13
% intensity. In black NMTiOz, they were observed at 85.13 eV with 0.21 %, intensity. As described
above, both can be considered as non-agglomerated Au NCs (HBP). However, when switching from
white NMTiO2 to black NMTiO, the intensity ratio of Aug NCs increases from 0.13% to 0.21%. This
trend implies that black NMTiO:z exhibits greater efficacy in adsorbing Aus NCs compared to white
NMTIiO2. This enhanced activity can potentially be attributed to the greater surface area and porosity
observed in black NMTiOz2 (as indicated in Table 7.4), alongside higher N content (also presented in
Table 7.3) compared to white NMTiO2. These characteristics enable stronger interactions with the
Aug core, forming robust complexes.

XPS peak positions and intensity ratios of Aug NCs were then studied after annealing. The peak
position of Aug NCs loaded on white NMTiO2 NPs was at 84.5 eV with 0.13 % intensity. The Au
peak position shift to lower binding energy (LBP) means that the clusters are partially agglomerated
Aug NCs (entry 3 in Table 7.5). In contrast, as can be seen in entry 4 in Table 7.5, when using black
NMTIiO:2 substrate, Au 4f binding energy appeared at 85.2 eV, a high binding energy peak (HBP),
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with an intensity ratio of 0.18 %, which is still interpreted as non-aggregated Aus NCs (Figure 7.9 a
and b).
The outcomes of the study revealed that black NMTiO2 surfaces are superior in adsorbing Aug

NCs to the surface and avoiding agglomeration after annealing in comparison with white NMTiO2.
Consequently, it can be concluded that the utilisation of black NMTiOz2 substrates yields enhanced
binding intensities and mitigates the tendency of loaded Aus NCs to agglomerate, both following
deposition and subsequent annealing procedures.

Table 7-5. Assessment of binding energies and intensity ratio of Aus NCs deposited on white

NMTiO2 and black NMTiO2 nanoparticles after deposition and heating treatment to remove

the ligands (HBP and LBP means non-agglomerated and agglomerated cluster,
respectively).

Condition Entry Sample HBP LBP

Binding Relative Binding Relative
energy intensity energy intensity
(eV) (%) (eV) (%)

White
1 ) 84.9 0.13 - -
N NMTiO2@AusNCs
After deposition
Black
2 ) 85.1 0.21 - -
NMTiO2@AusNCs
White
3 ] - - 84.50 0.13
_ NMTIiO2@AusNCs
After annealing
Black
4 ) 85.2 0.18 - -
NMTIiO2@AusNCs
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Figure 7.9. Investigation of Aug NCs a) binding energies and b) intensity ratios

7.5. Photocatalytic activity

7.5.1. Assessment of photocatalytic reaction kinetics for the fabricated photocatalysts and

corresponding substrates:

Figure 7.10 (a) shows the MO degradation efficiency plots for prepared samples, including
black and white NMTiO2-supported Aus NCs photocatalysts and black and white NMTiO2
nanoparticles. Additionally, dye degradation results were plotted in the absence of the catalysts under
UV irradiation as a control. In this experiment, degradation data were shown with symbols, and their
trends over time were presented as solid lines.

Degradation of MO dye solutions (3 ml of 15 ppm) over time is monitored at room temperature
using 1.5 mg of the respective photocatalysts under constant UV light intensity. MO degradation
efficiency plots in Figure 7.10 (a and b) show that the suspension became colourless around 20
minutes in the presence of black NMTiO2@Aus NCs photocatalyst. In contrast, employing the white
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NMTiO2@Aus NCs photocatalyst extended the timeframe to approximately 90 minutes before the
suspension became colourless. This shows that the degradation process exhibited a notably
accelerated rate for photocatalysts containing black NMTiO2-supported Auys NCs, surpassing the
degradation rates of the other samples as well as UV exposure alone. Moreover, when studying the
substrate variations, black NMTiO2 nanoparticles displayed higher activity in comparison to the white
NMTiO2 nanoparticles.The significance of the photocatalyst presence was substantiated by a very
slow decrease in the MO concentration over time in the UV-only control plot (blue line in Figure 7.10
(aand b)).

According to Figure 7.10 (b), MO dye degradaton results for all photocatalysts were well fitted
with the first order reaction and their reaction constants were summarised in Table 7.6. Also, a R? ~
0.99 for all plots indicates high accuracy in the performed experiments. The order of the photoactivity
of the prepared samples is presented in Table 7.6 based on their reaction constants which is black
NMTiO2 NPs@Aus NCs (0.176 mint) > white NMTiO2 NPs@Aus NCs (0.056 min't) > black
NMTiO2 NPs (0.033 mint) > white NMTiO2 NPs (0.031 min't) > UV exposure alone (0.004 min1).

Table 7-6. The MO degradation reaction constants for the prepared samples

Sample Reaction constant (min-1)
Black NMTiO2 NPs@Aus NCs 0.176
Black NMTiO2 NPs 0.033
White NMTiO2 NPs@Aus NCs 0.056
White NMTiO2 NPs 0.031
UV only (without catalyst) 0.004
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Figure 7.10. (a) MO dye degradation efficiency and (b) MO dye degradation kinetic
using black NMTiO2@ Aug NCs and white NMTiO2@ Aus NCs photocatalysts, their
relevant substrates and UV only .

7.5.2. Response surface methodology analysis:

The experimental data was fit using a second order polynomial. Curve fitting and ANOVA
were performed with a self-written Python code. Different Python packages were applied for
statistical analysis and plotting the graphs. The statistical analysis of RSM using ANOVA is presented
in Table 7.6. Curve fitting and ANOVA were done using the Python statsmodels library. The
quadratic polynomial model, presented in coded form as Equation 7.1, signifies the relationship
between factors and responses.
Degradation(%)=74.868-6.296xA+10.068xB+8.547xC+1.809xAxB-0.714xAxC-0.116xBxC-
5.522xA2-4,832xB?+0.553xC?2, Equation 7.1
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Here A, B, and C are the coded factors for the MO concentration, catalyst amount, and reaction
time, respectively. The values of the coded levels for minimum, middle, and maximum actual values
are -1, 0, and +1, respectively as described in Table 7.1.

According to the statistical results demonestrated in Table 7.7, the model adequacy is very good
and the R?=0.997 and adjusted R?=0.992 reveals that the model is appropriate. Also, the model is
significant as the p-value (0.000) is lower than 0.05. Finally, as reported in Table 7.2, it was observed

that the predicted data were close to the experimental data.??

Table 7-7. Analyse of variance results for the quadratic model and the significance of

RSM model.
Dep. Variable: Degradation R-squared: 0.997

Model: OLS Adj. R-squared: 0.992
Method: Least Squares Prob (F-statistic): 0.000

coef std err t P value

const 89.699 0.624 143.709 0.000

A -5.467 0.367 -14.887 0.000

B 10.051 0.367 27.370 0.000

C 7.838 0.367 21.343 0.000

AB 1.873 0.411 4.561 0.006

AC -0.428 0.411 -1.041 0.345

BC -1.373 0.411 -3.343 0.020

A? -5.502 0.724 -7.597 0.001

B2 -5.872 0.724 -8.108 0.000

C? -0.457 0.724 -0.631 0.556

Figure 7.11 illustrates the perturbation plots providing a concise knowledge to observe the
effect of each factor on dye degradation. In this plot, one factor is varied from -1 to +1, while the
other ones were set to their middle-coded values (zero). For factors A (MO dye concentration) and B
(catalyst amount), the sharp curvature is observed in comparison with factor C (time) representing
that dye degradation is very responsive to these two factors more than time. Increasing the reaction
time can increase degradation rate as the trend is linear and ascending. B (catalyst amount) trend
ascends, and its slope declines after the central point. It can be concluded that adding more catalysts
can negatively impact the degradation rate in excess of the centre point catalyst level. This may be

due to the aggregation of the photocatalyst NPs which would reduce the availability of active sites.
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To study parameter A in Figure 7.11, it should be noted that the slope of the relevant plot reduces
slightly with enhancing dye concentration and it declines sharply from the centre point. It means that
increasing the initial dye concentration can reduce the dye degradation rate and after the central point,
its effect can be significantly increased. It was likely due to the absorption of a maximum amount of

ultraviolet light by dye molecules instead of catalyst particles, inhibiting light exposure to the catalyst

surface.
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Figure 7.11. Perturbation plot of each process factor a) MO concentration, b)
catalyst amount, and c) time

In each of the 3D plots in Figure 7.12, two factors are varied from their minimum to their
maximum, while the third factor was kept constant at middle level. To indicate the change in response,
the colour is changed from a dark blue zone to a yellow zone. Dark blue and yellow zones are
considered as the lowest and highest degradation levels, respectively.

Figure 7.12 a depicts the effect of the interaction of two factors (catalyst amount and MO
concentration) at constant reaction time (15 min) on the MO degradation ratio. The positive
relationship is evident through the pronounced upward trend in the entire graph, extending from one
mg to two mg of the catalyst. It can be noted that when working with a higher dye concentration, it
becomes necessary to either increase the catalyst amount. Raising the amount of catalyst boosts the
number of active sites essential for the reaction.

Figure 7.12 b shows the interaction between time and dye concentration on the MO degradation
rate while the catalyst amount is costant at its middle range (1.5 mg). At this condition, the most

favorable outcome for achieving optimal degradation is the MO concentration range from 10 to 15
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ppm at a reaction duration of 20 minutes as indicated with the yellow zone in Figure 7.12 b. For

higher MO concentrations the reaction will have to be extended.

Figure 7.12 c shows the relation between reaction time and catalyst amount for the MO
degradation rate at constant MO concentration (15 ppm). When the catalyst quantity is in the range
of 1.4 to 2 mg during a reaction time of 15 to 20 minutes, the degradation ratio attains its optimal
state, as indicated with the yellow zone in Figure 7.12 c. This discovery underscores that both

augmenting the catalyst quantity and extending the reaction time lead to enhanced degradation rates

within the specified parameter range.

Degradation ( %)
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Figure 7.12.3D response surface plots of dye degradation rate in terms of (a) MO
dye concentration (ppm) and catalyst amount (mg) (b) reaction time (min) and MO
dye concentration (ppm), and (c) catalyst amount (mg) and reaction time (min).

7.6. Discussion and Conclusion

In this study, NMTiO2 NPs were synthesised using a soft templating method. Chitosan, a

sustainable choice of template, was removed by calcination under two different atmospheres
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conditions, namely air and Ar, resulting in the creation of various types of substrates with several
chemical and physical features including porosity, surface area, colour, adsorption capacity and
photoactivity. The surface and structural features of the substrates were studied with TGA, XRD,
XPS, NEXAFS, and BET. Anatase was the dominant phase for both substrates as found with XRD
and NEXAFS. XPS and NEXAFS results showed that various types of N species have been
successfully attached to the white and black coloured NMTiO2 surfaces. However, a higher amount
of N was found for black coloured NMTiO2 NPs. Also, a greater specific surface area and pore
volume in black NMTiO2 NPs were found with BET and BJH. To create the efficient photocatalysts
for MO dye degradation, Aus NCs were deposited onto the prepared NMTiO: surfaces. XPS showed
black NMTiOz NPs could adsorb more clusters without any agglomeration even after annealing. This
can be due to combination of the greater surface area and the amount of N in black NMTiO2 NPs
compared to white one, which can cause to adsorb more Aug NCs. The photocatalytic activity results
revealed that the black coloured NMTiO2 NPs@Aug NCs nanocomposites are more efficient than the
white material for MO dye degradation. To investigate the photoactivity of the chosen
nanocomposites, concentrations, reaction times, and catalyst quantities were varied for MO
degradation, all following the central composite design framework. Subsequently, the obtained data
were analysed using RSM. It was found that predictive model is accurate and significant. Due to the
3D plots, the relationship between parameters and their interactions were discussed. Within our
engineered photocatalytic setups, when the MO concentration falls within the bracket of 10 to 17 ppm
and the catalyst quantity ranges from 1.5 to 2 mg at constant time (15 min), the degradation rate

achieves its maximum.
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CHAPTER 8: DISCUSSION AND CONCLUSION

Transitioning to more sustainable industrial processes has become increasingly important as
energy demand, fossil fuel depletion, and environmental pollution have become substantial global
challenges. This study focuses on addressing the pressing issue of clean drinking water scarcity, a
potential ecological disaster threatening human well-being. One of the primary contributors to water
pollution today is hazardous run-offs from chemical industries like textile, cosmetic, and dye
manufacturing.?

Methyl orange (MO) is a commonly used dye in chemistry and laboratory experiments. It is an
azo dye, which means it contains the azo group (-N=N-) as part of its chemical structure®. Methyl
orange dye poses environmental hazards when mishandled or improperly disposed of, encompassing
concerns such as potential toxicity due to its components, persistent presence in the environment,
bioaccumulation in organisms, water pollution from discharge into water bodies, and alteration of
water quality.*®

To combat these environmental hazards effectively, this research explores the application of
semiconductor-mediated photocatalysis. This approach offers several advantages, including cost-
effectiveness, reduced environmental impact, recyclability, accessibility, and exceptional degradation
effectiveness. Various procedures are used to increase the photocatalytic efficiency of
semiconductors, falling into two categories: morphological modifications and chemical
modifications.6-1

Morphological modifications involve creating porous networks to increase the specific surface
area and active sites for photocatalysis. Chemical modifications, on the other hand, entail
incorporating additional components onto the semiconductor's surface to inhibit the recombination of
photogenerated electron-hole pairs, form the strong binding between co-catalysts and semiconductor
surfaces, and further enhance photocatalytic activity.*213

In this study, Aus nanoclusters (NCs), which are smaller than Au nanoparticles (NPs), are
employed to alter surface characteristics. The catalytic traits of these Au NCs are significantly
influenced by the number of atoms composing them, underscoring the importance of preventing their
aggregation.'4%5 Aggregation could result in an enlargement of these nanoclusters, leading to the loss

of properties that depend on their size.®

8.1. Surface design to prevent Aug NC agglomeration.

To control agglomeration, our first effort was to use a morphological modification approach
and enhanced surface area and porosity. In Chapter 5, as this study's first project, we prepared

mesoporous TiO2 (MTiOz2) films. XPS results showed that Aus NCs undergo agglomeration after
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deposition and annealing to remove the ligands (See Table 8.2 entries 1 and 7). We concluded that
the surface porosity is insufficient to prevent Aug NC mobility and agglomeration.

In Chapter 6, to study the effect of the semiconductor forms on Aus NC adsorption and
agglomeration, we synthesised mesoporous TiO2 nanopowders with Aus NCs decorated. XPS results
in Table 8.2 entries 3 and 9 showed that although the size of Aus NCs did not change much after
deposition, Aus NCs were agglomerated after removing the ligands by annealing and, subsequently,
their size was increased.

Consequently, these observations prompted us to try another type of surface modification to
reduce the probability of Aus Nc agglomeration by adding influential functional groups on the
semiconductor surface and creating a strong bond between the Aus Nc and the added functional
groups. We also aimed to increase the amount of Aus NC loaded onto the surface to increase
photoactivity. As a result, our hypothesis to create a strong bond between the Aug NCs and the surface
of the substrate could also help us to achieve this goal. With the knowledge that Au elements have a
strong affinity for bonding with S functional groups, we first attempted to modify the prepared MTiO2
surfaces by MPTMS grafting in Chapters 5 and 6.

The findings from Chapters 5 and 6, where XPS and BET analyses were conducted, provided
compelling evidence that surface functionalisation with thiol (SH) functional groups had a significant
impact. Despite the observed reduction in surface area and pore volume, as indicated in Table 8.1
(with values of 61 compared to 117 m?/g for BET surface area and 0.1 compared to 0.19 cm?/g for
pore volume), this functionalisation played a crucial role in preventing agglomeration and increasing
the loading of Aug NCs on the surface. This positive outcome was confirmed by the XPS results
presented in Table 8.2, specifically entries 2, 4, 8, and 10. This represents a noteworthy achievement
in our study.

Continuing our research, we aimed to synthesise a substrate that could effectively bond with
Au through functional groups while maintaining a high surface area. In Chapter 7, we adopted a
different synthetic approach compared to Chapter 6. We utilised chitosan as a natural template and a
source of hydrocarbon and N. This method offered significant advantages, including time and energy
savings, reduced material usage, and cost-effectiveness, as both types of modifications occurred
simultaneously on the surface through a single-step calcination process. By employing two distinct
atmospheres, air, and Ar, during the calcination process, we successfully synthesised two different
N-modified TiO2 (NMTiO2) variants with distinct physical appearances and chemical properties:
white and black NMTiO2. Our BET and XPS results revealed that the black NMTiOz, calcined under
Ar, exhibited superior characteristics compared to the white NMTiO2. Specifically, it possessed a
higher surface area (108 m?/g > 63.2 m2/g), greater pore volume (0.19 cm?®/g > 0.13 cm?/g), and higher
N content (0.9% > 0.3%), as indicated in Table 8.1 and Table 7.3. Furthermore, XPS analysis of

175



binding energies and intensity ratios for Au confirmed that this substrate was more effective in
adsorbing a higher level of Aus NCs and preventing their agglomeration after annealing. This is
evident when comparing Table 8.2 entries 6 and 12 for black NMTiO2/Aug NCs with entries 5 and
11 for white NMTiO2/Aug NCs.

Table 8-1. BET and BJH adsorption analysis for MTiO2, SMTiOz2, black NMTiOz2, and

white NMTiO:sz.
Surface Area Pore VVolume Pore Size

Sample

m2/g cm?®/g nm
MTiO> 117.0 0.19 4.4
SMTIiO2 61.0 0.10 4.4
Black NMTiO2 108.0 0.19 5.6
White NMTiO2 63.2 0.13 6.0

Table 8-2. Study of binding energies and relative intensity of Aug NCs deposited on MTiOz,
SMTiO2, white NMTiO2@AusNCs, and Black NMTiO2@AusNCs after deposition and
annealing. (HBP and LBP mean non-agglomerated and agglomerated clusters, respectively)

Condition Entry Sample HBP LBP

Binding Relative Binding Relative
energy intensity energy intensity

(eV) (%) (eV) (%)

1 MTiOz Film/AugNCs - - 84.4 0.1

2 SMTIiO2 Film/AusNCs 84.8 1.1 - -

3 MTiO2 NPs/AusNCs 84.9 0.11 - -
After deposition

4 SMTiO2 NPs/AugNCs 84.9 0.6 - -

5 White NMTiO2/AusNCs 84.9 0.13 - -

6 Black NMTiO2/AusNCs 85.1 0.21 - -

7 MTiO2 Film/AusNCs 85.1 0.009 83.6 0.08
After annealing

8 SMTIiO2 Film/AusNCs 84.6 1.0 - -
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9 MTiO2 NPs/AusNCs - - 84.3 0.10

10  SMTiO2NPs/AusNCs 85.1 0.6 - -

11 White NMTiO2/AusNCs - - 84.5 0.13

12 Black NMTiO2/AusNCs 85.2 0.18 - -

8.2. Comparison between activity of the prepared photocatalysts.

In the next step, we assessed the photocatalytic activity of the prepared photocatalysis systems
in chapters 6 and 7 in the degradation of MO dye. All photocatalysts' results were well-fitted with
first-order reaction kinetics, and their reaction constants are summarised in Table 8.3. The high R?
value (~0.99) for all plots indicates the experiments' high accuracy. The photoactivity order of the
prepared samples, based on their reaction constants, is presented in Table 8.3 as follows: black
NMTiO2 NPs/Aug NCs (0.176 min't) > SMTiO2 NPs/Aug NCs (0.149 min't) > SMTiO2 NPs (0.070
min't) > white NMTiO2 NPs/Aug NCs (0.056 mint) > black NMTiO2 NPs (0.033 mint) > white
NMTiO2 NPs (0.031 minY).

Figure 8.1 illustrates the reduction of methyl orange concentration over time due to
photocatalytic degradation in various experimental setups, including different catalysis systems such
as SMTiO2 NPs/Aug NCs, black NMTiO2 NPs/Aus NCs and white NMTiO2 NPs/Augs NCs as well as
their respective substrates lacking Aug NCs.

In Figure 8.1, the efficiency of the synthesised catalysts was compared, and their trends were
plotted. Specifically, the suspension lost its colour within different time intervals: around 23 minutes
for black NMTiO2 NPs/Aug NCs, and 25 minutes when using SMTiO2 NPs/Aug NCs. In contrast,
employing white NMTiO2 NPs/Aug NCs photocatalyst and SMTiO2 NPs, along with white and black
NMTIiO2 NPs, extended the time required for dye degradation to over 60 minutes.

The reaction constants and efficiency results indicate that both nanocomposites containing un-
agglomerated Aus NCs which are black NMTiO2 NPs/Aug NCs and SMTiO2 NPs/Aug NCs can
further enhance the dye degradation rate compared to white one with agglomerated Aug NCs and all
substrates without cocatalyst.

Additionally, in the analysis of substrate variations, it is worth noting that SMTiO2 NPs
demonstrated greater activity, as indicated by its reaction constant in Table 8.3 (0.070 min™), in
comparison to black NMTiOz2 (0.033 min ') and white NMTiO2 (0.031 min ') NPs. This discrepancy
in activity can likely be attributed to the presence of N atoms within the NMTiOz2 structure, which

may serve as recombination centres in the catalytic process.?%2°
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Significantly, the deposition of Aug NCs onto the surfaces of black NMTiO2 NPs has a profound
impact on the photoactivity of the nanocomposite. The reaction constant for black NMTiO2 NPs/Aug
NCs is notably high at 0.176 min™!, which is nearly six times greater than that of its substrate (0.033
min'). Similarly, for SMTiO2 NPs/Aug NCs, the reaction constant is 0.149 min™!, almost double the
value of its substrate (0.070 min™'). This substantial increase in reaction constant underscores the
significant enhancement in photoactivity achieved through the deposition of Aus NCs on the

respective substrates.

Table 8-3. Reaction constants of methyl orange dye degradation using
different photocatalytic systems

Sample Reaction constant (min)
Black NMTiO2 NPs/Aug NCs 0.176
SMTiO2 NPs/ Aug NCs 0.149
SMTiO2 NPs 0.070
White NMTiO2 NPs/Aus NCs 0.056
Black NMTiO2 NPs 0.033
White NMTiO2 NPs 0.031
10

——Black NMTiO2 NPs /Au9 NCs
——SMTiO2 NPs/Au9 NCs

SMTIO2 NPs
——White NMTiO2 NPs /Au9 NCs

——Black NMTiO2 NPs
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Figure 8.1. Reduction in methyl orange concentration over time due to
different photocatalytic systems

Our results unequivocally designated SMTiO2/Aus NCs and black NMTiO2/Aus NCs
nanocomposites as promising and efficient photocatalysts for MO dye wastewater treatment,

surpassing their unfunctionalised counterparts and respective substrates.
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To comprehensively investigate the photoactivity of these selected nanocomposites, in Chapters
6 and 7 a series of experiments varying dye concentrations, reaction times, and catalyst quantities
were executed based on the central composite design method (CCD) at three levels. This approach
has been widely applied in various engineering fields, particularly in processes related to water and
wastewater treatments.’®1° The findings were rigorously analysed using response surface
methodology (RSM), identifying the significant impacts of parameters and their interactions on MO
degradation. The advantage of using this methodology is that it reduces the number of experiments
and lowers the associated costs and time required to investigate process parameters and their
interactions. We also employed Python programming language for the analysis of photocatalytic
reactions.

In summation, our multi-chapter exploration has unveiled the potential of S and N-
functionalised MTiO2 surfaces in enhancing the photoactivity of Aus NCs-decorated photocatalysts.
However, Advantages and disadvantages of SMTiO2 and black NMTiOz2 as the substrates used for
preparation of our most photoactive systems are briefly summarised in Table 8.4. Accordingly, both
substrates are efficient in adsorbing the Aus NCs and preventing their agglomeration to create the
efficient photocatalysts. However, NMTiO2 because of having more surface area and pore volume is
superior to SMTiO2 to make the photocatalysts as the comparison between their photocatalytic
activities in Figure 8.1 confirms our assertion.

These findings significantly contribute to the formation of advanced materials for
environmental remediation, emphasizing the pivotal role of nanotechnology in addressing

contemporary environmental challenges.

Table 8-4. Advantages and disadvantages of two different substrates

SMTIO2 Black NMTIiO2

Advantage Disadvantage Advantage Disadvantage

) Surface adsorption
Prevention of

] Reduced surface ] probability of dyes
agglomeration of High surface area: _
area which needs to be
Aug NCs
tested
Potential process
) complexity which
Increased loading of Reduced pure
Greater pore volume needs more
AugNCs volume

characterisation to

study N type
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attached to the

surface or lattice

Strong bond

formation with Au.

The probability of
decreased loading
efficiency for other
elements than Au as
indicated by the
reduction in surface
area and pore

volume.

Cost-effective and
energy-efficient
synthetic method as
functionalisation
process does not
need an extra step

and material

Low photoactivity

without cocatalyst

Easy detection of
surface
characteristics and S
type attached to the

surface.

Extra stage to
functionalise the
surface of MTiO2

High N content

Excellent dispersity
of Au onto the

surface

Possible constraints
on other applications
where a larger
surface area and
pore volume are

required.

Prevention of
agglomeration of
Aug NCs

Anatase crystallinity

phase is prominent

Effective adsorption
of Aug NCs

High photoactivity

Diversity in template
selection and

functional groups

Anatase crystallinity

phase is prominent
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CHAPTER 9: FUTURE WORKS

Based on our research findings to date, several avenues for continued investigation present
themselves:

1- Enhanced investigation of black NMTiO2 surface and type of N attached to the surface:
Further characterisation of black NMTiO2 surfaces including UPS and UV-Vis with a focus on
studying whether adding N has changed the band gap. Study the N species type attached to the
surface or lattice will shed light on the interplay between the modified surface, the N elements,
and the Au clusters, potentially uncovering novel properties for advanced applications.
2- Exploration of Au cluster attachment: Another intriguing possibility is a comprehensive study
and comparison of Au clusters adhered to the MTiO2 surface in terms of their photocatalytic
activity. This may uncover synergistic effects arising from different combinations of metal
clusters and photocatalysts, potentially leading to breakthroughs in photocatalytic reaction
studies.
3- Comparative study of photocatalytic activity for dye degradation: A comprehensive
comparison of the photocatalytic activities of various prepared photocatalysts in the degradation
of diverse types of dyes is a critical step. This comparative analysis could unveil catalyst-specific
affinities and provide insights into optimal choices for different dye degradation applications.
4- Assessment of photocatalytic activity for different fields of science and applications: Our
investigation could be broadened by examining the photocatalytic activity of the prepared
photocatalysts in diverse applications. For instance, exploring their efficacy in water splitting
could uncover their potential use for sustainable energy generation.
5- Investigation of dye adsorption on photocatalytic surfaces: Dye adsorption onto catalyst
surfaces is an integral component of the photocatalytic dye degradation process and is worthy of
a more thorough evaluation. Further research to this effect will contribute to our understanding of
the intricate mechanisms underlying photocatalysis and shed light on the dynamic interplay
between the catalyst and dye molecules. Through this investigation, we anticipate findings
surrounding the kinetics, thermodynamics, and factors influencing the adsorption process. This
knowledge will not only enrich our understanding of dye-catalyst interactions but also empower
us to fine-tune and optimize photocatalytic systems for enhanced efficiency in environmental
remediation and other pertinent applications.
6- Application of response surface methodology (RSM): The study focused on examining the
impact of various independent parameters on dye degradation using RSM. The efficiency of this
approach so far indicates RSM would also be suitable for comprehensively studying the

parameters employed in substrate fabrication. A key response variable to model response will be
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the size of pores, and appropriate parameters would include pH, amount of Ti precursors, and
templates. This data-driven approach could uncover optimal conditions and lead to a better
understanding of the interplay between the influencing parameters and the resulting response and
performance of chemical reactions for substrate design.
7- Application of artificial neural network (ANN) for photocatalytic activity study: Artificial
intelligence (Al) has found widespread use in various scientific and technological fields. One
popular Al technique for scientific applications is the artificial neural network. In many recent
published papers!” in the RSM field, ANN is utilised alongside RSM to compare their
performance. It is advisable to use ANN for the experimental data obtained. Additionally,
incorporating bio-inspired optimisation methods can enhance the performance of ANN. There are
various software packages available to model experimental data using ANN. Matlab is one such
commonly used software, and luckily, Flinders University has a valid license for the latest version
(R2023a). Matlab offers a professional package called "Neural Network Fitting," which is user-
friendly and has several online tutorials for assistance. As an alternative, we can use Python
programming language for this application. Indeed, applying ANN presents an exciting
opportunity to further our understanding of photocatalytic activity. By leveraging machine
learning techniques, we can unravel intricate relationships between catalyst properties and activity
outcomes.
These proposed directions signify our commitment to advancing our understanding of
photocatalysis, broadening its applications, and applying innovative methodologies to address
complex challenges. Each avenue promises to contribute to the evolving landscape of materials

science and sustainable technologies.
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