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ABSTRACT

TiO> coating has drawn great attention in various field of application including the ceramic
industry. The limitation of TiO2 photocatalytic activity that only reacts on short-wavelength
ultraviolet irradiation has brought an effort to extend its potential to visible range by reducing
the fast rate of electron-hole pair recombination. Hence, doping with semiconductor such as
silver (Ag) incorporated TiO; is proposed. However, Ag incorporated TiO> had some issues
where the use of Ag with high concentration decreases the surface charge that can cause an
agglomeration of Ag species and reduction to AgP° particles on TiO2 surface. Lowering the
amount of Ag concentration thereafter contributed to the formation of AgO, Ag-0 and Ag°.
The amount of Ag that can control the particles size, surface area, thermal stability and band
gap that contributes towards good photocatalytic performance is still vague and continuously
studied. Yet, the works of Ag-TiO> coating reported mostly on the surface of glass, metal
and fabric instead of ceramic surfaces. Therefore, in this study, the deposition of Ag-TiO>
coating was carried out on unglazed and glazed ceramic tiles. Firstly, the effect of Degussa
P25 on the Ag-TiO; coating was studied to decide the needs of Degussa P25 in synthesizing
Ag-TiO2 sol formulation. Later, the effect of Ag content (2.5, 5.0 and 7.5 mol %) on the
microstructure (crystalline phase, crystal size, elemental distribution, morphology and cross
section surface) of the Ag-TiO; coated ceramic tiles (unglazed and glazed) were examined
and its photocatalytic performance were tested. This yield to the self-cleaning properties of
the intended antibacterial ceramic tiles application. The coatings were heat treated at 500 °C
and characterized by Glancing angle X-ray diffraction (GAXRD) and Scanning electron
microscopy (SEM), Field electron scanning microscopy (FESEM) coupled Energy-
Dispersive X-ray Spectrometer (EDX) and further tested for environmental application using
methylene blue degradation (MB) under ultraviolet (UV) and visible light irradiation. The
results of the present study suggest that Ag-TiO2 sol can be synthesized without the aid of
Degussa P25 where Degussa P25 possibly hinders the formation of Ag metallic. Ag-TiO>
coating deposited on the unglazed tile was observed sip into the pores of ceramic surfaces.
The finding highlights that Ag-TiO coating deposited on unglazed and glazed improved
photocatalytic performances at 5.0 mol % Ag content under visible light irradiation. This is
because 5.0 mol % Ag content presented uneven small density of cracks over the surface
with more Ag demonstrated by surface morphology and elemental mapping. Also, it can be
related to their active crystallites that react well upon visible irradiation. Hence it can be
deduced that the amount of Ag needed for good photocatalytic performance needs to take
into account the substrate and surrounding condition.



KESAN PENAMBAHAN DEGUSSA DAN KANDUNGAN Ag KE ATAS CIRI DAN
PRESTASI PEMANGKIN-FOTO SALUTAN Ag-TiO, DIENDAPKAN PADA JUBIN
SERAMIK

ABSTRAK

Salutan TiO> telah menarik perhatian pelbagai bidang aplikasi termasuk industri seramik.
Had aktiviti fotobermangkin TiO2 yang hanya bertindak balas pada penyinaran gelombang
pendek ultraungu telah mencetuskan usaha untuk meluaskan potensinya pada gelombang
julat boleh dilihat dengan cara mengurangkan kadar pantas penggabungan semula
pasangan elektron-lubang. Oleh itu pengedopan dengan bahan separuh pengalir seperti
perak (Ag) telah dicadangkan ke dalam TiO.. Walau bagaimanapun, Ag yang dimasukkan
ke dalam TiO; dengan kepekatan tinggi boleh mengurangkan cas permukaan yang akan
menyebabkan penggumpalan spesies Ag dan penurunan kepada zarah Ag°® pada permukaan
TiO2. Sebaliknya, pengurangan jumlah kepekatan Ag menyumbang kepada pembentukan
AgO, Ag.O dan Ag°. Jumlah Ag yang boleh mengawal saiz zarah, luas permukaan,
kestabilan terma dan jurang jalur kearah prestasi fotobermangkin yang bagus masih kabur
dan terus dikaji. Namun, kerja-kerja salutan Ag-TiO; yang dilaporkan kebanyakannya
adalah pada permukaan kaca, logam dan fabrik dan bukannya permukaan seramik. Dalam
kajian ini, pengendapan salutan Ag-TiO2telah dijalankan pada jubin seramik tidak berlicau
dan licau. Pertama, kesan Degussa P25 pada salutan Ag-TiO: telah dikaji untuk
menentukan keperluan Degussa P25 dalam mensintesis formulasi sol Ag-TiO2. Kemudian,
kesan kandungan Ag (2.5, 5.0 dan 7.5 mol %) ke atas mikrostruktur (fasa hablur, saiz kristal,
taburan unsur, morfologi dan permukaan keratan rentas) jubin seramik tidak berlicau dan
licau bersalut Ag-TiO; telah diperiksa dan prestasi fotobermangkinnya telah diuji. Ini
menghasilkan sifat pembersihan kendiri bagi jubin seramik antibakteria. Salutan telah
dirawat haba pada 500 °C dan dicirikan melalui sudut kerling pembelauan sinar-X
(GAXRD) dan Mikroskop pengimbasan elektron (SEM), Mikroskop pancaran medan
pengimbasan electron (FESEM) ditambah Spektrometer Serakan Tenaga Sinar-X (EDX)
dan diuji untuk aplikasi alam sekitar menggunakan degradasi metilena biru (MB) di bawah
sinaran ultraungu (UV) dan cahaya nampak. Keputusan kajian ini mencadangkan bahawa
sol Ag-TiO2 boleh disintesis tanpa bantuan Degussa P25 di mana Degussa P25 mungkin
menghalang pembentukan logam Ag. Salutan Ag-TiO> yang dimendapkan pada jubin tidak
berlicau meresap ke dalam liang permukaan seramik. Penemuan ini menyerlahkan bahawa
salutan Ag-TiO. yang diendapkan pada jubin seramik tidak berlicau dan berlicau
meningkatkan prestasi fotobermangkin pada 5.0 mol % Ag di bawah penyinaran cahaya
boleh nampak. Ini kerana 5.0 mol % Ag menunjukkan kehadiran rekahan yang tidak sekata
dengan ketumpatan kecil di atas permukaan dan lebih banyak Ag hadir pada morfologi
permukaan. la juga dikaitkan dengan kumin hablur aktif yang bertindak balas dengan baik
terhadap sinaran boleh nampak. Oleh itu, dapat disimpulkan bahawa jumlah Ag yang
diperlukan untuk prestasi fotobermangkin yang baik perlu mengambil kira substrat dan
keadaan sekeliling.
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CHAPTER 1

INTRODUCTION

1.1  Background

Ceramic materials are one of the widely use material in various different field. It
includes such as automotive, military, refractory, biotechnology, electrical, electronic and
magnetic fields. The applications select its own appropriate property from ceramic materials
and that’s why ceramic are used in almost every field. In military, ceramic was used for
making weapons, missile guidance and defence system because of the hardness and
nonreactive properties. A certain use of refractories involved high technology ceramic and
for biotechnology to strengthen tissues organ (Dash et al., 2023). The application of ceramic
has been well developed and proposed frequently. The product of ceramic tile meanwhile is
gaining popularity in both residential and commercial use because of its limitless potential.
Tile is the most favourite use design materials for both in dry and wet area. Often can be
seen in kitchen and bathroom renovation. The requirement of clean surfaces in every edge
of our everyday live is a priority need because it involves our healthy lifestyle. Therefore,
the simple easy cleaning or self-cleaning surfaces has been under the focus of
nanotechnology.

Surfaces of different structure and nanocoating had become an interest among the
researcher. Coating is priority in the furnishing process of a product. It was done on most of
the surfaces such as ceramics, metals, polymers and wooden surfaces. There are two types
of surface coating that are liquid base coating and powder coating. Both of them have

different purposes and benefits. Liquid base surface coating mainly focus on corrosion



protection, environmental protection, increased longevity and durability, higher resale value
and reduced maintenance costs of structure. Meanwhile, powder base coating generally
promote less volatile organic compounds (VOC), environmental friendly, energy and
material efficient.

Generally, ceramic tiles often faced with grout issues and microorganisms attack.
Even so, the approach of antimicrobial and biocompatibility surfaces properties for ceramic
is still rare due to the lack of experimental condition. In the unprotected ceramic surfaces,
microbes are actively attack and react easily with the surfaces and leading to their growth.
This arise the risk of society health and safety. Therefore, effort on developing a highly
photocatalyst ability of ceramic tile for the purpose of antimicrobial ceramic surface will
greatly contribute to disinfection efficiency.

Thus, nanocoating technology was introduced on metal, polymer, ceramic, wood,
and even fabric surfaces. In between those surfaces, coating on ceramic surfaces is not
widely reported. Ceramic materials were extensively used in both indoor and outdoor
application and frequently found is ceramic tile. Ceramic tile can be classified into unglazed
and glazed ceramic tile surfaces. The glazed ceramic surfaces are easily cleaned using
common household cleaning supplies compare to the unglazed ceramic tile which is more
prone to microorganism attack. However, both ceramic tiles surface were still in risk of
microbes attack especially in moist condition due to the presence of water molecule which
invited bacterial growth on the tiles surfaces (Bok and Johansson, 2020). An effort to
prevent the bacterial growth was given a priority and coating was one of the alternative ways
that has attracted researcher interest. The photocatalytic coatings of ceramic tile display
outstanding performance for example in industrial domestic cleaning rooms, hospital

operating theatres and sewage purification facilities (Zhang et al., 2022c).



Titanium dioxide (TiOz) is one of the coating material used widely in industrial area
due to its availability and properties of highly efficient, cheap, non-toxic, chemically and
biologically inert and photo stable which highly reactivity under ultraviolet (UV) light
irradiation (Abdellah et al., 2018, Canbaz et al., 2019, Lu et al., 2019, Kamrosni et al., 2022).
However, the efficiency of TiO2 photocatalytic is low due to restriction that it is only shows
high photocatalytic reaction on UV light causing other factors such as preparation process,
crystallite size and anatase-rutile ratio had a great effect on the activity. Hence, it is necessary
to shift the TiO, absorption spectrum toward the visible region to fully harness the advantage
of sunlight as an inexpensive and renewable energy source (Chakhtouna et al., 2021).

Eventhough TiO, demonstrates good properties as a photocatalyst; it cannot be
denied that TiO; ability is quite limited. It can only respond to solar light from the earth
surface at about 2 - 3% as the electron photogenerated of TiO> happened under shorter
wavelengths of less than 380 nm. Beyond that, the recombination of hole—electron pairs
happened within nanoseconds which results into low quantum vyield (Grabowska et al.,
2013). This has brought many studies on introducing metal and metal oxide such as Fe, Pt,
Au, CuO, and Ag into TiO particles (Meydanju et al., 2022, Cherif et al., 2023). Variety of
approach has been done and in between those metals, it was found that silver (Ag) is the
most promising metal ions collaborated with TiO, because the ability of silver to initiate
surface plasmons resonance at the higher wavelength of light (Hidayat et al., 2021, Kamat,
2002). The surface plasmon resonance occurs when a photon of incident light strikes a metal
surface and a portion of light energy interacts with the metal surface at a specific angle of
incidence. The incident photons transfer energy to the free electrons present within the metal
lattice and electrons move freely due to excitation. This free electrons movement known as

plasmon and undergo a collective oscillation, resulting in the formation of surface plasmons.



The surface plasmon resonance angle shifts when biomolecules bind to the surface and
change the mass of the surface layer (Nguyen et al., 2015).

The uses of Ag in coating have been known as an effective antimicrobial material
with a broad spectrum of bactericidal activity. Based on the wide band gap of TiO2> which
are 3.0 eV for rutile and 3.2 eV for anatase, the photocatalytic activity of TiO, only taking
place under UV light irradiation (Mahdieh et al., 2021). For example, in order to make TiO>
applicable on solar energy, the deposition of metal ion Ag is commonly applied to TiO>
because of the ability to narrow down the band gap up between 2.9 eV to 2.7 eV respectively.
Unlike TiO2, Ag has the ability as antibacterial agent even in the dark (Pohan et al., 2020).
Thus, the presence of Ag in TiO2 film improved photocatalytic activity where it serves as
electron trap that promote increased in electron-hole separation (Mahdieh et al., 2021). The
addition of metallic Ag successfully broadens the photoresponse range from UV region to
visible light region. The additional absorption of Ag/TiO: in visible region was attributed to
the plasmonic absorption of Ag (Zheng et al., 2019). The plasmon resonance of Ag extends
the wavelength absorbance from UV spectrum to the visible light spectrum. Instead, it
decrease the recombination rate of TiO2 which increasing the electron-hole separation
(Mahdieh et al., 2021).

Onna et al. (2018) studied tungsten loaded TiO2 (W-TiO.) coating synthesized via
surface sol gel on glazed ceramic tiles as self-cleaning and antimicrobial surfaces for indoor
applications. It was found that W-TiO- synthesis by sol-gel coated on glazed tile in the acid
media was reliable to be used by the factory for tile’s processing. While, Ashraf et al. (2019)
developed a strategy to boost the photocatalytic performance via well distribution of Ag
nanoparticles between graphene sheets. Graphene/Ag-doped TiO2 nanocomposite prepared
using Hummer's method through harsh oxidation of graphite. The amount of 0.1 g Ag nitrate

added to the Ag/TiO: sol solution performed in the dark condition for the conversion of Ag*
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to Ag nanoparticles. The combination of sonochemical and freeze-drying methods did give
a higher photocatalytic activity than the conventional dried nanocomposite itself.
Photocatalyst of pure TiO2 and Ag-TiO2 powder synthesized by sol-gel route were
studied by Abbad et al. (2020). Similar Ag source obtained from reduction of Ag nitrate with
amounts at 1 %, 5% and 10 % was added. The results from the finding stated that the optimal
10 % of Ag dopant significantly had improved photocatalytic activity of Ag-TiO2 which it
lowers the band gap energy from 3.22 eV to 2.67 eV. In this research, the main focus is to
study the effects of Ag content on the microstructure and photocatalytic performance of Ag-

TiO> coating deposited on both unglazed and glazed ceramic tile substrates.

1.2 Problem Statement

TiO2 in the form of powder and thin film were both restrain application to the UV
region of the electromagnetic spectrum that is A<365nm. Beyond the spectrum region, the
role of TiO, was no longer function. Though there are many benefits given by TiO: itself
compared to other semiconductor photocatalyst, its high band gap 3.2 eV energy hinder the
functionality as photocatalyst at variety of irradiation. In fact TiO2 cannot react actively with
the absence of light. The photocatalytic of TiO2 strongly influenced by the surface
rearrangement potential and lifespan of the electron-hole pair generated (Meydanju et al.,
2022). Due to this, in order to maximize the potential of TiO2, the needs to reduce the fast
rate of electron-hole pair recombination is very important. Variety of efforts has been made
to modified TiO> particles that can active under visible light irradiation such as doping with
metal (e.g., silver, copper, platinum, chromium and ferum) and nonmetallic elements ( e.g.,

nitrogen, sulphur and carbon).



Photocatalytic properties of TiO> are very essential because TiO> was widely used in
our live without we realized. Recently, the effort to break through the development of new
photovoltaic cells by doping TiO. with semiconductor on photosensitized solar cell market
became popular issued among researchers. Hence, this technologies is to turn solar power
directly into electricity through solar cells (Rheima et al., 2020). In textile industry, Ag-TiO>
coated on fabric as for the purpose of antibacterial and there was a critical concentration of
Ag dopant creating an optimized photocatalytic property. Mahdieh et al. (2021) studied the
effect of Ag concentration on Ag-TiO nanoparticles coated on polyester/cellulose fabric by
comparing the in situ and ex situ method. Kamrosni et al. (2022) works on Ag-TiO> with 0.1
ml of 0.1 M Ag concentration used and deposited on glass substrate via spin coating method.
Abbad et al. (2020) studied about the effect of Ag doping on the photocatalytic activity of
TiO2 nanopowder by adding 1 %, 5 % and 10 % of Ag. It is stated that 10 % Ag give
improvement to the photocatalytic activity by having band gap 2.67 eV despite its
appearance in brookite phase.

Mostly researcher works on improved TiO2 in terms of its photocatalytic and
antibacterial activity. It can be seen that, most of the works reported on Ag-TiO. deposited
on glass, metal and fabric substrate rather than ceramic. Details study on Ag presence in
TiO2 and deposited onto ceramic substrate are still lack of explanation. Since the ceramic
has different type of surfaces which are unglazed and glazed, the deposition of Ag-TiO>
coating on ceramic surfaces may require different sol gel formulation. It is either the use of
precursor TiO2 or without the TiO> precursor is necessary for deposition of Ag-TiO> coating
on ceramic surfaces. The TiO2 precursor such as Degussa P25 had already composed a
certain ratio of anatase to rutile which is 70:30. Therefore, it is suggested that by the aid of

TiO2 precursor in the sol formulation can simply generate high amount of anatase phase that



can significantly enhanced the photocatalytic properties of Ag-TiO2 coating
(Ningthoukhongjam and Nair, 2019).

The use of dopant such as Ag with high concentration will decrease the surface
charge which attributed to agglomeration of Ag species and reduction to AgP® particles on
TiO; surface (Mogal Sajid et al., 2014). In contrast, with lower concentration of Ag content,
Ag species exist as AgO, Ag.0 and Ag’. However, the exact amount of Ag that can
effectively enhance the characteristics such as the particle growth, surface area, thermal
stability and band gap energy are still vague and inconclusive. Therefore, the Ag interaction
with TiO2 and amount of Ag used that affect the coating characteristics and catalytic
performance of the coated ceramic tiles is of interest in this study. Study is then discussing

on how the characteristics of Ag-TiO> coating influences the photocatalytic performances.

1.3  Research Objectives

I.To identify the crystalline phase of Ag-TiO> coating (with and without commercial
Degussa P25 addition) deposited on ceramic tiles.

ii. To assess the effect of Ag content on the microstructure (crystalline phase, crystal
size, elemental distribution, morphology and cross section surface) of Ag-TiO:
coated on ceramic tiles using GAXRD, SEM/EDX and FESEM/EDX.

iii. To evaluate the influence of Ag content on the photocatalytic performance of Ag-

TiO, coated on ceramic tiles

1.4 Scope of Research

The scope of this research starts on examine the deposition of Ag-TiO; coating on

unglazed and glazed ceramic tiles substrate. Here, the effect of using nano powder TiO-



precursor which is Degussa P25 during the synthesis of Ag-TiO2 sol gel was investigated.
In this study, 22 nm of Degussa P25 has been used. Ag-TiO> coating was prepared by using
sol gel method and deposited on ceramic tiles by dip coating technique. Due to the potential
developmental toxicity effect of Ag nanoparticles to human that was reported by Hu et al.
(2020), precursor AgNO:s is preferable in replacing Ag nanoparticles. The precursor AgNOs
needs to undergo several steps during mixing so that to obtain Ag particles. Besides, there
were several variables taken into account when preparing the coating solution. The amount
of 2.5, 5.0 and 7.5 mol % Ag content for each solution and the final Ag content would affect
the ratio of Ag to TiO.. The influence of Ag content on microstructure formation of the
deposited Ag-TiO, coating was studied. The resulting microstructure would affect the
photocatalytic performances and Ti, O and Ag elements distribution of the produced coating.
The characteristics include the type of phases, elements distribution and sizes as well as
surface morphology were observed. These criteria may contribute to the mechanism of
photocatalytic of the Ag-TiO2 coating on the ceramic tile. The samples then subjected to
GAXRD, SEM/EDX and FESEM/EDX respectively. The photocatalytic performances were
evaluated by studying the degradation of methylene blue under UV and visible light
irradiation for 5 hours exposure. The optimize performance of Ag-TiO, coated on ceramic

tile were finally determined.

15 Contribution of Research

This research contributes to the needs of work in ceramic tiles industry for producing
photocatalytic self-cleaning ceramic tiles. Unlike others substrates, Ag-TiO. coating on
ceramic substrate was given less attentive and basically limited on TiO2 only. In order to
deposit Ag-TiO- coating on ceramic tile, the amount of Ag content required for the coating
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is then suggested to be applied for future ceramic coating on the unglazed and glazed ceramic
tiles. The suitable amount of Ag content for Ag-TiO, coating on ceramic is related to the
good microstructure and efficient photocatalytic surfaces observed during the study. This
enable the wide use of Ag-TiO2 coating on ceramic tiles hence will reduce the effort for
cleaning service in domestic application and wastewater treatment in the ponds supporting
green technology. The findings are not only limited on ceramic tiles but also applicable on
the other ceramic substrate. Moreover, these findings also contributed to the potential of Ag-
TiO, usability and paving the way for designing new ceramic tile with excellent
antimicrobial activity. Hence, it can reduce the bacterial infection problems related to

exposed surface.

1.6 Thesis Outline

This thesis is consists of five (5) chapters. Chapter 1 describes a brief introduction
that consist of background of the study, research problems, objectives, scopes, contributions
and significance of the research work. Chapter 2 discuss a comprehensive literature review
of TiO2 and Ag-TIO; principle of photocatalyst. The fabrication and modification made of
TiO2 by incorporating noble metal, metal ion and anion doping in TiO, system coating by
previous study were presented in this chapter. Then the choices of Ag as promising metal
dopant was judged according to the reported criteria. The method of Ag-TiO, and its
utilization for coating deposition or nanoparticles were discussed. Later, this chapter presents

overview of the Ag-TiO> effect on microstucture and photocatalytic performances.

Chapter 3 elaborates the details of methodology conducted to produce Ag-TiO: sol

and coated on ceramic tile. This includes the preparation and synthesis of Ag-TiO sol as



well as coating procedure. In addition, characterization and analyses were describes in details
including the characterization equipment, handling procedure and samples preparation.
Chapter 4 covers the results and discussion of uncoated ceramic tiles and Ag-TiO>
coating deposited on unglazed and glazed ceramic tiles. Throughout this chapter, the
characterization of uncoated ceramic tiles and Ag-TiO2 coating on ceramic tile were
discussed and its photocatalytic performances being verified. This chapter was organized
accordingly by:
I.  The crystalline phase and surface morphology of uncoated ceramic tile
ii.  Characterization of Ag-TiO> coating with and without the addition of Degussa P25
coated on ceramic tiles.
iii.  The charcterization of Ag-TiO, coating with varied Ag content on uglazed and
glazed ceramic tiles.
iv. Effect of Ag content on the photocatalytic performances of Ag-TiO. coating on
ceramic tiles
Lastly, chapter 5 made up of conclusions and recommendations for the future
research work. This chapter summarizes the main conclusions as well as achievements of
the work undertaken in this research and suggests areas for the next future research to work

on Ag-TiO; deposition on ceramic substrate.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter briefly introduce the materials of titanium dioxide (TiO2) involving its
modification and photocatalytic properties. Then, it discusses the enhancement of TiO>
photocatalytic properties, Ag-TiO, coating and sol-gel derived Ag-TiO. coating. The
preparation of Ag-TiO: sol gel involving its formulation and the Ag-TiO- sol gel reaction
are also explained. Later on, the various deposition methods, different types of substrates
and the deposition of Ag-TiO2 on ceramic substrate studied by previous researchers are
reviewed. After that, the effect of Ag content on the crystalline phase, microstructure, and
photocatalytic performances including degradation under UV and visible light irradiation of

Ag-TiO- coating are discussed.

2.2 Titanium Dioxide (TiO2)

Titanium dioxide (TiO2) has been known as one of the semiconductor that widely
used in several environmental applications such as photocatalysis, separations, paints, sensor
devices and dye-synthesized solar cells (Coronado et al., 2008). These was due to its
potential of having higher photocatalytic performances towards different organic pollutants,
pharmaceutical compounds, photo induced bacterial and virus disinfections and self-
cleaning properties (Chakhtouna et al., 2021, Prakash et al., 2022). TiO, semiconductor
having advantages in terms of availability, stability, photoactivity and low cost materials
makes it demandable especially in coating industrial application (Chakhtouna et al., 2021).

It also having high efficiency in hydrogen generation and high photostability in an aqueous
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solution that beneficial for use as photocatalysts, bactericides, and photoanodes (Choi et al.,
2018). In spite, it also excellent in optical, electrical, and photoelectrochemical properties
which attracted the interest of industry professionals (Mindroiu et al., 2023).

Table 2.1 summarize the crystallographic properties of TiO2.The crystalline structure
of TiO, can be easily converted from amorphous to anatase by annealing it in air at
temperatures between 350 - 450°C in air. The anatase structure provides a potentially unique
ion-accommodation mechanism, allowing a tiny ion to enter the system (Li et al., 2018). The
benefits of ion mobility in TiO2 anatase structure have been suitably constructed as TiO>
nanotube electrode. Rutile, in the other hand is known as the most stable polymorph at
various temperatures because of its lower free energy than anatase and brookite. It also has
photochemical ability but unfortunately it possessed lower photocatalytic properties than
anatase when exposed under UV light irradiation (Xu et al., 2011, Kien et al., 2023). The
rutile fast recombination rate and low charge carriers generated causing the electron unable
to participate in reactive oxygen species on the catalyst surface (Zerjav et al., 2022). Brookite
meanwhile having band gap energy ranging around 3.1 to 3.4 eV and brookite nanoparticles

could be separated by selective precipitation of rutile (Coronado et al., 2008).

Table 2.1: The crystallographic properties of rutile, anatase and brookite (Zhang et al.,

2018)
Crystal structure Density (g/cm) System
Rutile 4.240 Tetragonal
Anatase 3.830 Tetragonal
Brookite 4.170 Rhombohedral

The process of TiO2 synthesis by industrial was originated from mineral ores ilmenite
(FeTiO3) and rutile (TiO2). Purification and refinement of mineral ores process to obtained
white powder TiO. depends on the quality of the mineral ores itself. Low grade is refined by

the sulphate process and higher grade rutile, is refined by the chloride process. Both process
12



did not involve the use of concentrated sulphuric acid (Page, 2009). Figure 2.1 and 2.2

summarize the process involved:

Dissolved in conc.
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Sulphate Fez(io“)?’
[13 k 29
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reduces Fe (I11)
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Figure 2.1: Refinement of TiO; by sulphate procress (Greenwood and Earnshaw, 1997)
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Figure 2.2: Refinement of TiO> by chloride process (Greenwood and Earnshaw, 1997)

Basically there are many methods available to fabricate TiO2 in forms of nanorods,

nanoparticles, nanotubes, nanofibers, and film. The employed method plays an important

role on determining the optical, electronic as well as chemical properties of TiO;

nanostructures. Some of the common method used such as vapor deposition, sonochemical,

13



hydrothermal, wet chemical and sol-gel method. The availability of different method in
synthesizing TiO. will produce either single or mixed phase crystals dependent on the
preparation method. The different preparation methods will contribute to the change of
structure and properties of TiO> crystals. Hence, the mixed-phase ratio, morphology and
surface properties of photocatalyst are controllable via optimizing the synthesis parameter
such as calcination temperature, pressure, concentration and types of reagents use (Zhang et

al., 2018). Some of the common examples of the TiO2 synthesis method shown in Table

2.2.
Table 2.2: Different synthesis method of TiO>
Method TiO; precursor Elananag Author
Temperature
400, 500, and 600 °C) Mogal Sajid et al.
for4h (2014)
400 °C for 5 hours L'd"’ggiset al.
Sol cel Titanium tetra iso- ( )
g propoxide (TTIP) 300°C for 2 hours Sharma et al. (2019)
B Sangchay and
400 *C-for2 Rattanakun (2018)
900, 1000 and 1100 °C | Evcinet al. (2017)
Photo-Assisted . Saraswati et al.
Deposition TiO2 P25 Not stated (2019)
Noreena et al.
Tetrabutyl titanate 450°C for 2 h (2019)
Hydrothermal (TBOT)
180°C for 48 h Zheng et al. (2019)
Co- .
. Titanium (1V) - .
precipitation (triethanolaminato) 450 °C for 3 h Hidayat et al.
and one pot ) . (2021)
i isopropoxide
synthesized

In between all those methods, sol gel is considering the most reliable which produce
thin, transparent, homogenous, multi component oxide layers of many compositions on
various substrate at low cost and it allows the choice of refractive index and thickness of the

layer by changing the preparation conditions (Mechiakh et al., 2007, Sangchay et al., 2018).
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Even so, the photocatalytic properties of TiO> has often changes from one sample to another

depending on the preparation method under various conditions (Cong and Xu, 2011).

Instead of synthesizing own TiO>, the new era nowadays has developed a commercial
TiO2 which available in market. Some of the examples of commercial TiO. are Degussa-
P25, TiO2/P90 and millennium (Nour et al., 2017, Dontsova et al., 2021). The commercial
TiO2 however was quite expensive and this gain researcher interest in developing friendly

economical TiO, photocatalyst.

2.3 Moaodification of TiO> coating

Despite of the good properties of TiO>, there are some disability and weakness that
restricted TiO2 application. The wide band gap value of TiO> that is 3.2 eV (Thamer and
Hatem, 2022) together with high recombination rate photoelectrons and holes (Zheng et al.,
2019, Kamrosni et al., 2019) makes it negligible under visible light irradiation. The TiO>
can absorb only 2 - 3% of solar radiation from the earth's surface because it can only be
stimulated at shorter wavelength that is below 380 nm (Nagaraj et al., 2023). Hence, TiO:
modification in several ways has been studies and explore throughout the research field to
enhanced the efficacy of titania surface. The reaction of dopants towards TiO, depends on
the semiconductor behave upon UV or visible light. In addition, the particle size significantly
gave high impact on the structure and properties of TiO2 and preferably small particles size
due to high surface area which improved the contact area (Thamer and Hatem, 2022).
Photoactivity of titanium dioxide to the visible light spectrum has been extended by
plasmonic photocatalysis due to the collective oscillations of conduction electron induced
by the electric field of incident visible light photon and inhibit the fast rate recombination of

electron-holes pairs (Leong et al., 2014).
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The modification of TiOz is either introducing transition metal or nonmetal ions into
its lattice. Metal acts as electron acceptor and form special structure known as “Schottky
Barrier” which capture photo-induced electrons (Zheng et al., 2019). However, the presence
of the dopant leads to an increase in the system disorder due to a higher concentration of
oxygen vacancies (Lidiaine et al., 2015). Doping TiO2 with transition metals are expected to
tunes the electronic structure and extends the absorption light from UV to visible light
(Sharma et al., 2019). Interstitial doping often occurred on the TiO, surface, while
substitutional doping included replacing Ti** ions with cations, resulting in an oxygen
vacancy. Anion dopants other than cations, such as carbon, nitrogen, and sulphur, replace
O? ions correspondingly. Nitrogen was the most frequent non-metal dopant due to its low
ionisation energy and smaller atomic size compared to oxygen (Rtimi, 2017, MiloSevi¢ et
al., 2018). Noreena et al. (2019) experiment about the effect of silver nanoparticles together
with graphene addition on the broad spectrum antibacterial ability of TiO2 to inhibit the
growth of bacteria Campylobacter jejuni under visible light.

The latest being studied recently by researchers were dopant with nanocomposite
coating. For examples, Ag-doped SnO2/TiO2 photoanode were synthesized by Khojasteh et
al. (2021) to improve performance of dye synthesized solar cells photovoltaic. The Ag-doped
SnO./TiO2 photoanode rated 6.93 % photon to electron conversion efficiency which was the
highest value compared to TiO2 photoanode alone. Such dopant with nanocomposite for
solar cells photovoltaic had lower the charge transfer resistance, recombination and higher

short-circuit photocurrent.

2.3.1 Photocatalytic properties
In recent years, TiO2 has been commonly used in gaining photocatalytic properties
especially in construction and building area. In between rutile, anatase and brookite crystal

structure, it was highlighted that anatase crystal structure of TiO. having the greatest
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photocatalytic activity than the other type of TiO2 polymorphs (Simona et al., 2013). Figure

2.3 shows the TiO- crystal structure of rutile, anatase and brookite.
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Figure 2.3: TiO2 crystal structure of (a) rutile, (b) anatase and (c) brookite phase structure
(Ulrike, 2003, Regonini et al., 2013, Sze-Mun et al., 2014)

Commonly, anatase has been showing highest photocatalytic properties due to the
following properties (Simona et al., 2013):

i.  The high band gap energy of anatase which is 3.19 ~ 3.2 eV compared to rutile, 3.0
eV and brookite, 3.11 eV tends to make the electron-hole of anatase more positive or
negative potential attraction. The large band gap of anatase tends to raise the valence
band maximum to higher levels by facilitate the electron from TiO> to adsorbed

molecules (Luttrell et al., 2014).

il.  Stronger adsorption ability of H2O, O, and OH that boost the adsorption capacity

during photocatalytic reaction.

iii. ~ Smaller grain size of anatase compared to rutile and brookite and larger specific

surface area which are helpful during crystallization process.

In addition, the nanostructures of TiO, for example nanotubes, nanocables and
nanobelts had also attracted researcher interest due to their performance as effective catalyst

in increased electron transfer. Among them, TiO> nanotubes had gave special attention
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because of the photocatalytic activity, ion-exchange capacity, large surface area and
multilayer wall structure (Thamer and Hatem, 2022). Moreover, the grain size, pore volume,
structure, specific surface area and microstructural growth of TiO2 thin film also need to be
taken into account as it affect its photocatalytic performance (Halin et al., 2021). Due to
photocatalytic potential in both science and practical application, TiO, was utilized for the
destruction of recalcitrant organic pollutants in water and air, sterilizing, self-cleaning
process, antibacterial effect, as cement mortar, in exterior tiles, paving blocks, glass, PVC
fabrication and protect the Cultural Heritage surfaces (Sauta et al., 2008, Simona et al.,
2013).
TiO> catalyst can be found in readily made which is in commercial form or either a
mixture in sol. The three main aspects of TiO> photocatalytic technology were (Ju, 2019):
i.  The basic theory of photocatalysis, which includes the mechanism and kinetics of
photocatalytic reactions at the solid-liquid interface
ii.  Rules of photoelectron and mobile hole movement and complexion, provides a
theoretical foundation for increasing photocatalytic activity and the potential for
exploring new photocatalytic reaction systems
iii.  TiO2 photocatalytic activity enhancement, including methodology for increasing
TiO, photocatalytic activity and discovering more efficient photocatalyst; TiO>
preparation, including bearing TiO2 on solid materials and film preparation, and

expanding the range of coated film substrate

2.3.1.1 Photocatalytic reaction of TiO>
Photocatalysis is a reaction that takes place when the absorption of light having
energy greater than or equal to the band gap energy of the photocatalyst. The energy

difference between the highest filled energy level called valence band and lowest vacant
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energy level, conduction band of photocatalytic substance is known as band gap energy. This
photoinduced excitation generates a positive hole (h*) in the valence band and electrons (e”)
in conduction band of the substance. The positive holes and electron may either recombine
and energy released in the form of heat or takes part in reactions and initiates a series of
redox reactions called photocatalytic reactions. However, the recombination of positive
holes and electrons must be avoided for the photocatalytic reaction to occur. In order to
favour the photocatalytic reactions, the positive holes and electrons must be able to react
with the reductants and oxidants to produce oxidized and reduced products (Haqg et al., 2022).
Figure 2.4 illustrates the photocatalytic reaction mechanism of TiO> in the presence of light.
Initially the photocatalytic reaction of TiO takes place when the light is absorbed, then
electron will excited from valence band to conduction band. The electron-hole generated
recombine at surface and redox reaction occur. The transfer of electrons from O% to valence
band and from metal to H * ions reduction will then generated hydrogen (Hz) and oxygen
(O2). Since the Gibbs free energy per electron is 1.23 eV corresponds to the frequency of
light 1008 nm that required for water splitting, the photocatalyst band gap energy must be
bigger than 1.23 eV for the photocatalytic reaction to occur. Instead, if the energy of the
photocatalyst is lower that the electrons will unable to start the reaction. Hence, to improve
the electronic properties of TiO2, the modifications must be made to help in reduce self-

decomposition and backward reactions in semiconductor photocatalyst (Irfan et al., 2022).
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Figure 2.4: Photocatalytic reaction of TiO2 water splitting (Irfan et al., 2022)

2.3.2 Enhancement of TiO2 photocatalytic properties

The photocatalytic properties of TiO2 determined its potential to be used in certain
area. The drawbacks of TiO2 such as weak light capture ability and small specific surface
area limits its field to acts as photocatalyst as well as antibacterial capability. Hence, to
overcome these drawbacks, the quality of the metal-semiconductor system plays a key role
in enhancing the photocatalytic properties (Bao et al., 2023). Although many researchers
have shown that addition of Ag into TiO» increases its photocatalytic activity, there exist
several cases that prove Ag loading content can actually promotes as well as inhibit
photocatalytic activity of TiO2 (Nyankson et al., 2022, Cherif et al., 2023). This is because
too much of Ag content may result in a photohole trapping effect which reduces the
photocatalytic activity. According to work done by (Zheng et al., 2019) this trapping effect
is negligible for Ag content below 0.5 molar %. On the other hand, the highest photocatalytic
activity of film done by Ubonchonlakat et al. (2008) was obtain using 1 mol % Ag doped
TiO;y sintered at 500°C, while Xin et al. (2005) shows 5 mol % as the optimum Ag content
sintered at 400 °C for 4 hours.

Photocatalytic activity known to be the function of their surface properties for

examples the surface area increase, the number of the active sites also increases. High surface
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area gives better photocatalytic efficiency (Suwarnkar et al., 2013). The appropriate amount
of Ag doped TiO> can effectively capture the photoinduced electron; photoinduced electron
can be immediately transferred to oxygen adsorbed on the surface of TiO> and the amount
of surface hydroxyl radical is increased (Sobana et al., 2006). The photocatalytic activity of
TiO2-Ag particles calcined at 500 °C was highest and decreased with increasing calcinations
temperature up to 800 °C (Harikishore et al., 2014). Annealing at very high temperatures
increases the particle size and decreases the surface area and favors the phase transformation
from anatase to rutile.

The TiO. photocatalyst can be enhanced by combining other materials making it
binary or ternary composite. For example, Bao et al. (2023) prepared Ag-TiO/ ZIF-8 ternary
composite by solvothermal to study the antibacterial activity of E.coli and B. subtilis. The
Ag-TiO2/ ZIF-8 released Ag* and Zn?" with low toxic that destroyed the proteins in
bacteria’s cell walls and membranes. Kien et al. (2023) synthesized TiO- - SiO, from tetra-
n-butyl orthotitanate and tetraethyl orthosilicate to by sol gel method and applied on the
ceramic surface. The amorphous SiOz prevented the transformation of anatase to rutile hence
proving that the TiO. - SiO> coating became one of the photocatalyst materials. Cherif et al.
(2023) doped Ag/TiO- for waste water treatment and hydrogen gas generation under natural
sunlight and 1 wt % Ag content was 60 % higher photocatalytic activity than the pristine
TiO2 where it can remove 99% of 0.01g/L paracetamol in 120 minutes.

Choi et al. (2018) studied Ag-TiO2/Nitrogen-Doped Graphene Oxide
Nanocomposites for improvement of hydrophilicity and photocatalytic performances of
TiOz and 80 % of methylene blue degraded at 6 hours irradiation. On the other hand,
Chakhtouna et al. (2021) discussed the important role of Ag nanoparticles in enhancing the
removal capacity and antibacterial performances of the Ag/TiO2 photocatalysts while

Noreena et al. (2019) proposed that silver-graphene TiO2 composites was effective as
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antimicrobial agents to control the spread of C. jejuni by preventing both bacterial growth
and biofilm formation. Table 2.3 summarized the type of materials that aided in performance

of better TiO, photocatalyst.

Table 2.3: Example of TiO. photocatalyst aided in photocatalytic properties

Photocata_tlyst Precursor/Additive Phase Authors
composite
. AgNOs and
Ag-TiO2/ZIF-8 ZnNO3+6H,0 Anatase Bao et al. (2023)
Tetraethyl
Ti02-SiO2 orthosilicate (TEOS— | Rutile and anatase | Kien et al. (2023)
Si(OC2Hs)4
Ag/TiO> AgNOs3 Anatase Cherif et al. (2023)
. AgNOs3
Ag-TiO2/graphene !
oxide (GO and _ Ag metal Choi et al. (2018)
ammonia
. Tetragonal anatase | Chakhtouna et al.
AGITIO: ZeHO: structure (2021)
. Noreena et al.
Ag/TiOz/graphene AgNO3 Anatase (2019)

2.4  Ag-TiOzcoating

Ag-TiO. photocatalyst commonly has been found reported by many researchers
because of its good potential in photocatalytic and antibacterial properties. The photocatalyst
was either in form of nanoparticles powder state, liquid sol medium or vapour was
extensively applied on different substrate such as glass, wood, metal, polymer and also
ceramic substrate depending on the purpose of application. The Ag-TiO2 can exhibited
higher visible light photocatalytic activity under visible light region. This is because Ag 4d's
isolated energy level contributes to visible light absorption, and the metallic silver on the
surface helps to effectively separate electrons and holes (Nagaraj et al., 2023). Table 2.4

shows the examples of Ag-TiO> coating deposited on various substrates.
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Table 2.4: Deposition of Ag-TiO- coating on different types of substrate

Type of substrate

Deposition method

Authors

ITO glass

Spin coating

Kamrosni et al. (2022)

Co-precipitation and one pot
synthesized

Hidayat et al. (2021)

Polyethylene

Poured into PE container

Meydaniju et al. (2022)

Ag-doped TiO>
nanoparticles

Hydrolysis of Ti(1V)
isopropoxide

Lidiaine et al. (2015)

cotton fabrics

Photo-Assisted Deposition
(PAD) method.

Saraswati et al. (2019)

Carbon substrate

Microwave-assisted
hydrothermal

Choi et al. (2018)

Glass

Sol-gel spin coating

Halin et al. (2018)

Though coating on multiple types of surfaces has been studied years ago, it was rarely

found that coating done on ceramic surface. Often we can found that the coating practically

applied onto glass and metal instead of ceramic substrate. Ag-TiO> films coated on surface

roughened Ti-6AlI-4V alloy to improve the adhesion and integrity of the sol gel films studied

by Fu et al. (2015). Albert et al. (2015) did Ag-TiO> coating on Si substrate to reveal the

connection between applied silver-doping method, nature and structural properties of the

composite. Shakeri et al. (2018) explore the technique to coat TiO2 nanoparticles on ceramic

tiles for the self-cleaning purposes. A single heat treatment step and (3-Aminopropyl)

triethoxysilane (APTES) treatment technique to create a stable covalent coating of TiO>

nanoparticles onto ceramic tiles. Both revealed that the photocatalytic power of particles was

preserved, the coating was stable, and the surfaces were able to thoroughly degrade the dye

that was used as an organic pollutant.
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2.4.1 Application of Ag-TiO: as photocatalyst

Photocatalyst of TiO2 has been extensively used as white pigment and the addition
of inorganic compound such silver forming Ag-TiO. has wider the applications leading a
global titanium dioxide pigment sales is continuing over the recent years (Braun et al., 1992).
As pigment, it involved in coating application, plastics application, inks applications, paper
industry and colouring products in pharmaceuticals and cosmetics industries (Linak and
Inoguchi, 2005, Brown, 2014). In energy generation and storage, the Ag-TiO. can be found
in dye-sensitized solar cell (DSSC), photocatalytic hydrogen production and lithium battery
(Smestad et al., 1994, Kay and Gréatzel, 1996, Yiming et al., 2009). In the area of
environment protection, Ag-TiO2 applied for self-clean and antibacterial and water
treatment. In spite of that, it also one of the potential catalyst to induce the reductive chemical
transformations such as reduction of carbonyl compounds (Wu, 2021).

Further, in health and biomedicine, the Ag-TiO, composite usually can be found in
sunscreen ingredient because it absorbs strongly the UV (most often UVB) and physical
filters (Dondi et al., 2006, Mansoori et al., 2007, Michela d’ Alessandro et al., 2016, Nicoara
et al., 2020). In biomedicine, Ag therapeutic potential of TiO: lies in the ability of these
particles in response to light to produce reactive oxygen species (ROS). Production of ROS
is the main factor in causing detrimental effects on cells (Cai et al., 1991). Therefore, it can
be stated that Ag-TiO. was continuously applied in various big industrial areas because it
enhance the photocatalytic properties along with the antibacterial and subjected to several
different environmental applications. Herein, Table 2.5 shows some of the example worked

of Ag-TiO2 composite studied in different application.
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Table 2.5: Several types of application of Ag-TiO> coating

Application Authors
Saraswati et al. (2019)

Fabric Mahdieh et al. (2021)
Cotolan et al. (2016)
Biomedical Bao et al. (2023)

Nyankson et al. ( 2022)
Vladkova et al. (2020)

Kien et al. (2023)
Razak et al. (2020)
Shakeri et al. (2018)
Silva et al. (2017)

Cherif et al. (2023)
Water treatment Aliyu et al. (2023)
Pohan et al. (2020)

Vitanov et al. (2023)
Supriyanto et al. (2021)
Solar cell Hidayat et al. (2021)
Khojasteh et al. (2021)

Rheima et al. (2020)

Moongraksathuma and Chen (2018)
Zhang et al. (2022a)

Self-cleaning surface

Antibacterial

2.5  Sol gel derived Ag-TiO; coating

Sol gel is one of the promising method because it has the advantages in producing
thin layer, transparent, homogenous, multi component oxide layers of many compositions
on various substrate at low cost and it allows the choice of refractive index and thickness of
the layer by changing preparation condition (Mechiakh et al., 2007, Sangchay et al., 2018).
The final product's purity and homogeneity, as well as the growth and size of the particles,
as well as the flexibility of adding high concentrations of doping agent, can all be controlled
through the use of this low-cost and environmentally friendly method (Chakhtouna et al.,

2021).
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The process converts monomers into Sol, a colloidal solution, which is then
transformed into gel. The transformation process was divided into two stages: sol (solution)
and gel. The Sol undergoes hydrolysis and condensation polymerization during the
activation phase before transform into gel. Then, the gel is applied to the substrate and dried
to form a hard, glossy film. Without the use of fluoropolymers, sol-gel has the strength of
silica as well as excellent release and smoothness. These coatings' release or nonstick
properties are an inherent feature. As a result, sol-gel technology is very popular. Many
studied report on the preparation of TiO2 sol. Prepared sol gave almost the same result as
commercial TiO> respectively. Eventhough the method required more materials, but it was
the best way to reduce the cost with maximum advantages.

Thus, TiO2 synthesis by sol gel method has become popular among the researches
instead of using other method such as co-precipitation, hydrothermal crystallization,
mechanochemical technique and chemical vapor deposition. Sol gel was the simplest method
to produce supported or unsupported undoped and doped TiO2-based photocatalysts which
offers the ability to go all the way from molecular precursor to the product, controllable
nanoparticles growth, reduce processing time and lower temperature, better homogeneity,
higher purity, accurate control of composition as well as cost friendly (Abbad et al., 2020).
It is also possible for coating on different substrate materials and complex geometries (Tung-
Yueh et al., 2016).

The sol-gel process is comprised of a series of sequential steps, which are as follows
(Chakhtouna et al., 2021):

1. Hydrolysis to convert alkoxides into metal hydroxides
2. Condensation to form gels
3. The drying process, which is necessary in order to acquire metal-doped TiO>

nanoparticles
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Sol gel route technique is reported to adhere strongly to substrates with an oxide layer
because of the presence of functionalized, hydroxyl groups on the surface of the oxide. The
polymer species or macroclusters that form in the sol gel solution during hydrolysation of
the organic metallic precursors are able to react with these surface hydroxyl groups and form
strong bonds. Surface hydroxyl groups are also present on the surface of ceramic powders.
Thus, when powder such as zirconia or mixed into sol gel solution, strong bonds are formed
between sol, ceramic powder and the substrate. This thick film process is in fact composed
of many thin films which make up the bricks in a wall. The fact that films do not crack during
processing can be attributed to two factors (Barrow et al., 1995):

1. The film forms a strongly bonded network with a sol gel film firmly bonded between
ceramic particles, making it less likely that the film will crack during processing

2. Because of the presence of a significant amount of ceramic powder, the percentage
of sol gel in the film is decreased and less shrinkage occurs when the film is

processed.

2.5.1 Ag-TiO2 Sol gel Preparation

Even though TiO2 modified silver can increase its lifetime of photo-excited electrons
and holes, silver also can give a negative effect. The increased in mobility and diffusion of
Ag during annealing process may improve either deteriorate TiO, properties (Fakhouri et
al., 2015). Instead, whatever process or method applied for Ag in modifying TiO2, silver
still diffuses to the surface through adjacent layers and form islands after annealing at 100
°C to 400 °C (Kulczyk-Malecka et al., 2014). Despite acting as electron acceptor centers,
both Ag nanoparticles and ions exhibit a strong antibacterial activity and promoted the
electron-hole pair separation of TiO2 (Thi-Tuyet et al., 2016). Hence, decreasing the charge

recombination, Ag’ clusters exhibit strong visible light absorption on the oxide surface due
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to the so called surface plasmon resonance (SPR) effect (Lidiaine et al., 2015). The SPR of
Ag promote the light absorption to the visible region (Ling et al., 2019). Thus, Ag-is getting
more attention than others because of its capability as followed (Abbad et al., 2020):
a) tobind, damage, and change the functions of the bacterial cell wall membrane, which
are slightly negative
b) to interact with protein thiol groups, which are important for bacterial respiration and
the transport of important substances through the cell.
c) improve electron-hole separation by serving as electron traps
d) to activate visible light excitation of TiO. and enhance surface electron excitation
by visible light-excited plasmon resonances

e) alter the surface properties of photocatalysts

Silver also contributed to the band gap energy reduction. This reported by (Zheng et
al., 2019) where the band gap energy of pure TiO2 from 3.15 eV has reduced to 2.7 eV by

deposition of metallic Ag.

2.5.2 Preparation method and formulation of Ag-TiO; coating

It can’t be denial that the characteristic and performances of coating materials
depends on many parameter such as materials used, shapes, chemical compositions and
method preparation. Preparing Ag-TiO: sol can also be done easily by using the commercial
TiOz and Ag nanoparticles. Somehow, due to the current unstable world economic issues
nowadays, the production of inexpensive cost saving coating has become a competitive.

Various way of coating with low cost has been developed.

2.5.2.1 The use of Degussa P25 as TiO; precursor
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Degussa (Evonik, Germany) P25 is a type of commercial TiO2 nanopowder known
as Titania P25, Evonik 25, AEROPERL and Aeroxide P25 (Wang et al., 2019, Markowska-
Szczupak et al., 2020). It was reported that Degussa P25 composed of mixed phase of anatase
and rutile phase with typical ratio of 70:30 or 80:20 respectively (Guo et al., 2018, He et al.,
2019) . The band gap of Degussa P25 stated 3.2 eV and 3.0 eV for both anatase and rutile
phase with surface area measured 50 m?/gm (Das et al., 2018) . It is the most efficient
photocatalytical material compared to commercial TiO2 of Millennium PCs which having
only pure anatase phase (Bouanimba et al., 2017). Generally, the works on synthesizing TiO>
solution used Degussa directly to produce TiO2 sol or as an additive into self-prepared TiO:
sol. The TiOz sol that used Degussa P25 typically possess thicker suspension rather than the
derived TiO. from alkoxide sol via sol-gel process.

There have been several studies in the literature of Degussa P25 reporting on
photocatalyst to degrade organic pollutant. Rejek et al. (2021) studied the different methods
for immobilization of titanium dioxide P25 onto chitosan surface to be applied for water
purification. Bessergenev et al. (2015) investigated the photocatalytic activities of Degussa
P25 powders annealed at various temperatures in vacuum and air. The aim was to compare
the oxygen vacancies generated by annealing in vacuum and to compare the results with
annealing in air. Supriyanto et al. (2021) in their interest of developing high magnitude dye-
sensitized solar cell used direct form of commercial TiO2 and Ag nanoparticles. The Degussa
P25 catalyst in agueous solution for degradation of alachlor (organo chlorine herbicide) has
been done by Malini et al. (2016) and the effect of temperature, pH, radiant flux, TiO>
loading, presence of various cations, anions and surfactants were being considered. Wang et
al. (2012) reported that the calcination treatment influenced the microstructures and
photocatalytic activity of the Degussa P25 powders. The photocatalytic activity of calcined

Degussa P25 powders was two times higher than uncalcined which it enhanced the anatase
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crystallization respectively. Figure 2.5 illustrated the surface morphology of Degussa P25

nanopowder.

Figure 2.5: Surface morphology of Degussa P25 powders (Wang et al., 2012)

Sreethawong et al. (2014) worked on incorporation small content commercial
Degussa P25 powder (3 — 7 wt % P25) into self-synthesized TiO; calcined at 400 °C
deposited on glass substrate. It has been found that the specific surface area of the P-25 TiO»-
incorporated mesoporous-assembled TiO, photocatalyst (~127 m?/g) decrease with
increasing the incorporated P-25 TiO, content (~65 m?/g). Despite, the mean mesopore
diameter tended to conversely increase. The role of P25 TiO; assists in increasing the
thickness of the mesoporous-assembled TiO,. The average particle sizes of the mesoporous-
assembled TiO; and Degussa P25 incorporated TiO- photocatalyst were in the range of 5-10
and 15-25 nm, respectively. The incorporation of Degussa P25 into mesoporous-assembled
TiO> films exhibited only detected anatase phase even the phase of Degussa P25 consists of

anatase and rutile.
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2.5.2.2 The use of AgQNOs as Ag precursor

Silver nanoparticles (AgNPs) were one of the attractive nanomaterials and has been
popular among researcher due to its unique properties such as size and shape depending on
optical, catalytical, antimicrobial, and electrical properties (Bachhav et al., 2020) . It has
been applied in many different field of applications such as engineering, biomedical and
agricultural sciences (Bamsaoud et al., 2021). There were various numbers of reported
methodologies and methods for the synthesis of silver nanoparticles using chemical,
physical, photochemical, and biological pathways (Vasileva et al., 2011, Bachhav et al.,
2020). The physical methods involved condensation, evaporation and Laser ablation. As for
the chemical methods used such as chemical reduction, microwave assisted synthesis, photo
induced reduction and micro emulsion techniques. While, for the biological methods
involves the use of plant parts, bacteria, algae and fungi for the synthesis of AgNPs (Bachhav
et al.,, 2020). In this worked, AgNO3 was used as Ag precursor to synthesized Ag
nanoparticles doped on TiO2 coating.

Silver doped titanium dioxide (Ag/TiOz) thin film was prepared by the sol-gel
method through the hydrolysis of titanium tetra-isopropoxide and silver nitrate solution
performed by Kamrosni et al. (2022). The TiO2/ZnO-Ag@TiO2 multilayer nanocomposite
for the purpose to create an organic dye sensitized solar cell photoanaode worked by Hidayat
et al. (2021) applied one-pot synthesid method. The titanium (IV)-(triethanolaminato)
isopropoxide (TTEAIP, 99.9%, Sigma Aldrich), and silver nitrate were mixed together in an
Erlenmeyer. Meanwhile, Khojasteh et al. (2021) synthesized the dye sensitized solar cells
by preparing solar cell photoanode , cathode electrode and electrolyte injection. The worked
focussed on the effects of doped nanoparticles and different nanocomposites such as
SnO./TiO2 nanocomposites, Ni doped TiO2 nanoparticles, Ag-doped TiO2 nano particles and

Ag-doped SnO»/TiO2 nanocomposites as photoanode on the performance of dye synthesized
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solar cells using hydrothermal and sol gel method. In the experiment, the source of TiO, and
Ag were obtained from TTiP and AgNOz respectively.

The synthesized of TiO2 and silver doped nanoparticles by sol gel method using
tetrabutyl titanate as titanium precursor and AgNOs as silver precursor and then Silver-
Graphene-TiO2 nanocomposites along with TiO2, TiO2-Graphene and TiO-silver
nanocomposites were prepared by using hydrothermal method by Noreena et al. (2019).
Zhang et al. (2022b) investigated 2D polystyrene spheres array composed of TiO, and Ag
prepared by co-sputtering technique. In the deposition process the properties of the
composites were affected by the sputtering power of TiO2. The applied sputtering TiO>
power was 10W, 20 W, 40W, and 60 W. At the highest power, 60 W increased size Ag-
TiO2 nanoparticles were observed that lead to the increased surrounding Ag-TiO: bilayer
film dielectrics.

A homogenous, simple and fast method to synthesis Ag doped TiO2 semiconductor
by using sonochemical method was applied by Aini et al. (2019).Various amount of silver
content of AgNOs was introduced into homogenous mixture of TiO2 generated from TTiP
as precursor. Ag-modified TiO2 nanotube has been fabricated via alkaline hydrothermal
process using commercial TiO2 and AgNOz studied by Tsai et al. (2019). Table 2.6 shows
few examples of synthesis method and formulation used to produce TiO2 and Ag-TiO:

composite.

Table 2.6: Different preparation method and formulation of Ag-TiO2 photocatalyst

Method Precurcor Substrate Authors

Sol gel spin Ag doped TiO;

coating (TTiP) Si Demircia et al. (2016)
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TTIP Carbon steel El-Katoria et al. (2019)
Ag doped TiO> Monolith .
(P25) granule Thi-Tuyet and Van (2015)
TTiP Glass Halin et al. (2018)
TTiP + AgNO3 ITO Kamrosni et al. (2022)
TTiP - Sangchay et al. (2012)
Ti(OCsH7)s + | Nanoparticles .
AgNOs powder Evcin et al. (2017)
Sol gel TTIP + Ag Glass Liet al. (2016)
nanoparticles
TiCls + AgNO3 Titanium Cotolan et al. (2016)
TTiP + AgNO3 Glass Silva et al. (2017)
TTiP + AgNOs | Silicon wafer Yuetal. (2011)
Peroxide sol gel
and microwave TiCls Ceramic plate Shieh et al. (2015)
assisted
Photo reduction TiO2 Nanoparticles Ling et al. (2019)
Conventional sol | Tetrabutylorthoti Light ceramic Ju (2019)
gel nate

After all, it can be simplified that most of the studied use sol gel method and TTiP as
titanium precursor to produce TiO2 sol and AgNOs to yield into AgTiO: sol. It was reported
that this method was effective and cost friendly along exhibited good properties as well as
better performances of photocatalytic activity (Wang and Bierwagen, 2009, Silva et al.,

2017).
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2.5.3 Ag-TiO: sol gel reaction

Sol gel of Ag-TiO; usually formed by using titanium precursor such as titanium
tetraisopropoxide (TTiP), tetrabutyl orthotitanate (TBOT), or titanium tetrachloride (TiCls)
mixed with silver precursor commonly used was silver nitrate, followed by hydrolysis
performed at low temperature (does not exceed 100 °C). During the synthesis, the pH must
be controlled to ensure uniformity of properties followed by calcination at high temperature
for further crystallization. The calcination temperature applied defined whether the
composite sol produces amorphous or low crystalline (Sharma et al., 2018). The silver-doped
titanium dioxide nanoparticles synthesis using ethanol as solvent described as followed

(Chakhtouna et al., 2021):

Ti (OH)s+ C2HsO — Ag  ——>Ti(OH)3 — Ag + C2HsOH (2.1)

ATi(OH); - Ag + O —> 4TiO, — AgNP + 6H20 (2.2)

When Ag is doped into TiO; lattice, Ag atom will occupy substitutional site rather
than interstitial site since the radius of Ag* (129 pm) is larger than that of Ti** (74.5 pm)
(Mogal Sajid et al., 2014, Vakhrushev et al., 2017). Then, oxygen vacancy wil be generated
to favour the structure reorganization and keep an overall neutral charge after Ti** in TiO

crystal is replaced by Ag*. The defect reaction equation can be expressed as follows:

AAQ" + 20% anatase —> 4AQP (0r Ag ciuster) + O2 + 0Xygen vacancy (2.3)

When silver in contact with TiO2, electron from TiO. will transfer from TiO> to
silver. These electron then loads on silver surface and scavenged by the electron acceptor.
The recombination between electrons and holes will eventually decrease. Thereby, Silver

atom acts as electron traps which facilitate the transport of more holes to the surface. The
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redistribution of atoms and phase transformation become vigorously favourable. Oxygen
vacancies then diffuse to the bulk of anatase and initiate changes in its crystal lattice resulting

silver clusters form silver nanoparticles in the bulk of TiO> matrix.

4Ag° —>  Adcluster

nAchuster _— Ag nanoparticle- (2'4)

2.5.4 Deposition method of Ag-TiO- coating

There were many types of deposition method applied to coat a substrate producing
either thin film or coating layer. It depends on coating thickness to call it as thin film or
coating layer. The TiO; thin films layer formed on FTO substrate by dip coating method and
the optimal number of dip coating layer was determined worked by Mindroiu et al. (2023).
Kamrosni et al. (2022) producing Ag/TiOz thin film deposited on ITO glass substrate by
using spin coating method that was conducted at 100 rpm for 10 s. Supriyanto et al. (2021)
studied on solar cell with high-efficiency magnitudes by introducing different Ag
concentration into dye-sensitized solar cells using spin coating technique deposition method.
Similar with Hidayat et al. (2021) also investigated TiO2/ZnO-Ag@TiO. nanocomposite as
working layer of organic dye sensitized solar cell but via co-precipitation method. The
deposition of Ag-TiO2. composite on two dimensional (2D) polystyrene sphere array via co-
sputtering technique was done by Zhang et al. (2022b) and it believed that Ag and TiO2 co-
sputtering can reduce the aggregation of silver nanoparticles. Table 2.7 presents the type of
deposition method and coating speed that commonly used depending on the interval and the

thickness of the produced coating.

Table 2.7: Different deposition method of Ag-TiO- coating

Deposition Coating Speed Thickness Authors
method
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3 cm/min

0.674+ 1.945um

Mindroiu et al. (2023)

Not stated Controlled Silva et al. (2017)
thickness
Dip coating 12 cm/min and
2cm/min 96 nm Albert et al. (2015)
30 cm/min i Moongraksathuma and Chen
300-350 nm (2018)
Dip coating
and magnetron Not stated ~200 nm. Li et al. (2016)
sputtering
2000 rpm/30
seconds 120-140 nm, Cotolan et al. (2016)
_ _ 2500 rpm 370 nm Yu et al. (2011)
Spin coating
100 rpm/10 s .
2000 rpm/30 s Not stated Kamrosni et al. (2022)
1000 rpm/30 s 300 nm Supriyanto et al. (2021)
1.5 keVVAr atoms
at 450 ~90- 95 nm Singh et al. (2017)
Co- sputtering
20-60W Not stated Zhang et al. (2022b)
Physical 25 mA, and the
d vapoLr exposure time Not stated Barrientos et al. (2018)
eposition was 10-80's.
(PVD)

2.6 Ag-TiOzcoating on different substrate

Ag-TiO. ability to act as self-cleaning and antimicrobial has been explored on
different kinds of surfaces for its application. Saraswati et al. (2019) applied Ag-TiO:
nanocomposite coated on cotton fabric. The purpose was to form an antimicrobial and self -
cleaning footwear cotton fabric. Cotolan et al. (2016) studied Ag-TiO: coating on titanium
substrate for corrosion resistance and bacterial reduction, while coating on silicon substrate
studied by Singh et al. (2017). It is mostly found that Ag-TiO. coating deposited on glass

substrate has been explored continuously and dominated most of the research compared to
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other substrates. Table 2.8 presents types of various substrates worked studied for Ag-TiO>

deposition.

Table 2.8: Ag-TiO> coating on different substrate

Types of substrate Authors

Albert et al. (2015)
Tallosy et al. (2016)
Li et al. (2016)

Glass Silva et al. (2017)
Moongraksathuma and Chen (2018)
Mindroiu et al. (2023)
Fabric Saraswati et al. (2019)
Titanium Cotolan et al. (2016)
Sj Yuetal. (2011)
Singh et al. (2017)
Bifunctional

surface modifier:
mercaptoacetic acid
(HOOCCH2SH).

Barrientos et al. (2018)

Loffler (2000)
Aazam (2014)
Shieh et al. (2015)
Hasmaliza et al. (2016)

Ceramic

2.6.1 Deposition of Ag-TiO2 on a ceramic substrate

At present, although there was various depositions method has been applied to
deposit Ag-TiO> coating on various substrates, only few works were reported studying on a
ceramic substrate. Table 2.9 shows examples of deposition techniques that involved Ag-

TiO> coating deposition on ceramic substrate.
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Table 2.9: Examples of deposition technique on ceramic substrate

Deposition method

Ceramic substrate

Author

Cco-sputtering

Si(100)

Singh et al. (2017)

Spray coating

Concrete

Tryba et al. (2010)

Clay roofing tile

Ranogajec et al. (2010)

Floor ceramic tile

Glazed tile Zhang et al. (2022c)
Spin coating Silicon wafer Yuetal. (2011)
) ) Ceramic plate Shieh et al. (2015)
Dip coating

Golshan et al. (2022)

Singh et al. (2017) applied co-sputtering of Ag and TiO2 on cleaned Si (100)
substrates with different Ag concentration to enhance the photocatalytic properties. Tryba
et al. (2010) directly used titania slurry with doped Ag and sprayed it on the concrete of the
house for the purpose of self-cleaning and fungicidal effects. Zhang et al. (2022c)
implemented Ag-TIO; coating deposited onto glazed ceramic tiles by a sol-gel and spraying
method at high temperatures to determine if this method could produce TiO2 coatings with
simultaneously good adhesion and antibacterial properties. Nevertheless, Golshan et al.
(2022) further carried out work on Ag-TiO2 nanofilms for self-cleaning surface of industrial
floor ceramic tiles by dip coating method to improve the antibacterial and hydrophobicity
activity of floor tiles.

It can be seen that to produce Ag-TiO: surface coating that provide self-sterilisation
and self-cleaning properties when exposed to light (Tryba et al., 2010), many deposition
technique deployed to coat Ag-TiO2 onto substrate for example physical vapour deposition
(PVD), chemical vapour deposition (CVD), iron beam co-sputtering, spin coating and dip
coating depends on the application criteria. Among those depositions, dip coating reported
a promising technique (Abd Samat and Mohd Saad, 2016, Guo et al., 2018). Dip coating is
a process which the substrate was immersed in sol medium for certain period and withdrawal
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from the sol. These process were repeated to obtain specific thickness needed ranging from
nanometer to hundreds of micrometer (Scandola et al., 2019, Away et al., 2021). Hence, dip
coating technique considerably used for the preparation of Ag-TiO- sol in order to form
uniform and continuous layer. This was due to its reliable and low cost effective easy method

compared to other method.

2.6.2 Effect of Degussa P25 addition on the crystalline phases and microstructure
Degussa P25 is a type of commercial TiO2 and frequently used by researchers as the
source of TiO, to produce composite coating or thin film. It was widely used to produce
nanocomposite TiOz since it can reduce the step in producing any type of TiO, composite
materials. Saraswati et al. (2019) prepared Ag/TiO2 nanocomposite through photo-assisted
deposition synthesis using TiO> P25 powder. From the investigation, XRD pattern only
clarified anatase and rutile phase crystalline with no peak of Ag. It stated that Ag is attached
to the crystal matrix of TiO2 because the percentage of TiO: is greater than Ag and the size
of crystallite was 34 nm for anatase and 39 nm for rutile. EDX analyses shows that Ag was
well dispersed on the surface of TiO. but element of Ag is not found on the TiO, P25.
Most of the finding reported by the XRD pattern is that there is no Ag phase detected.
In contrast, Tsai et al. (2019) had worked on Ag-modified titanium dioxide nanotube (TNT)
which revealed intrinsic peaks of AgCl and Ag co-existing are presence in the XRD pattern
of the Ag-modified TNT sample. Gyorgyey et al. (2016) explored deposition of TiO2/Ag
photocatalyst onto the surface of titanium disc using Degussa P25 as the source of TiO2. The
amount of Degussa P25 did not being mentioned and based on the SEM done, it was found
that rounded grains of Ag present on the surfaces of the discs that were coated with the silver

photocatalyst containing copolymer film.
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2.7  Effect of Ag content on the crystalline phase of Ag-TiO> coating

The amount of Ag doped in the TiO. film has been shown to affect the phase
transformation and grain growth of sol-gel titania, which has a direct impact on the TiO:
film's photocatalytic activity and antimicrobial performance. Ag doping promotes the
anatase to rutile phase transformation, with the temperature at which phase transformation
occurs decreasing as the Ag concentration increases (Ningthoukhongjam and Nair,
2019).The doping increases the concentration of oxygen vacancies at the surface of the
anatase grain increases, which favours the ionic rearrangement and structure recognization
for rutile phase. El-Katoria et al. (2019) investigated on the different concentration of Ag (0,
1, 2, 5, 10 and 20 wt %) doped TiO: thin film coating with addition of chitosan as nano-
assembling template for corrosion mitigation purpose. It was revealed that the anatase
crystallize was observed by increasing silver contents up to 5 mol%. At this amount of
addition, it was found the spreading of amorphous silver oxide layers is spreads through the
titania crystallites. On the other hand, the addition of Ag content (10-20 mol %) favors
crystallization of rutile titania and metallic silver particles which is accompanied by
increased crystallite size.

Worked of Ag doped TiO- thin film deposited on glass slide substrate using sol gel
and spin coating technique has been reported by Halin et al. (2018).The authors added two
different amount of Ag content into TiO2 sol which is 0.5 g and 1.0 g. The findings had
obtained brookite phase for pure TiO2 without addition of Ag, while samples doped with
silver shows characteristics of only anatase peak with no significance peak of silver phase.
Even for TiO2-Ag 5%, XRD data doesn't show any peaks related to Ag species. This means
that there are a lot of dopants spreading out in the TiO2 samples (Lidiaine et al., 2015). The
intensities of the diffraction peaks increase as the calcination temperature rises, while peak

width at half-height of the individual peak decreases, indicating that the grain size of the
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TiO> particles in the prepared films grows larger and the crystallinity improves (Ju, 2019).
The synthesis of Ag-TiO> nanocomposite studied by Nagaraj et al. (2023) using 0.005, 0.01
and 0.015 M Ag coated titanium dioxide nanoparticles exhibited anatase phase and no shift
in the diffraction position peaks. The authors also stated that there was no new peak of
diffraction related to Ag because low amount of Ag content use and Ag amorphous state.

In a different studied by Aazam (2014), the Ag-TiO2/multi-walled carbon nanotubes
nanocomposites shows only TiO> phase even the amount of Ag range was 1 to 4 wt. %. This
assumed that Ag is completely united with TiO, matrix since there is no Ag peak observed
in the XRD pattern. Even so, the entire nanotube surface appeared with uniformly covered
of Ag-doped TiO> nanoparticles although the XRD pattern of the Ag in MWCNT is unable
to be identified. In a different study by Noberi et al. (2016) on nickel based metallic filter
with Ag-TiO; coating by using electrophoretic deposition revealed the presence of anatase,
rutile, AgO, Ag20 and metallic Ag phases in the composite at high percent of Ag
concentration (10 wt % and 15 wt %). While, at low Ag concentration (5 wt %) exhibited
anatase, rutile and metallic Ag. The doping of Ag-TiO2 by 0.04 Ag/Ti molar ratio done by
Lopez Ortiz et al. (2015) revealed that silver peak overlapping with anatase phase and
confirming the presence of metallic silver in the cubic phase

Considerably, the increasing of initial silver nitrate concentration led to the increment
in the degree of crystallinity of samples. Cruz et al. (2022) studied the synthesis of Ag/TiO>
composites by combustion modified with varied Ag content at amount 0.05 mmol, 0.1 mmol,
and 0.2 mmol and it was found that the degree of Ag crystallinity increased as increased Ag
content. In addition, promotes the phase change from anatase to rutile transformation. This
was supported by Vakhrushev et al. (2017) which stated that the of TiO2 phase transformed
into whether anatase or rutile were accompanying silver nitrate decomposition processes.
The finding by Mogal Sajid et al. (2014) that synthesized Ag—TiO> by a single-step sol gel
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method with 0.75-3.5 at % Ag contributed to anatase phase and the mixed anatase-rutile at
3.0 and 3.5 %. From the study, it emphasized that Ag peak growth is observed when high
amount of Ag of 2.5 to 3.5 % used.

TiO> thin film with no heat treatment didn’t developed any phases while with heat
treated contributed to presence of peak representing anatase and even rutile phase. This has
been written by Kamrosni et al. (2022) where TiO> deposited on indium tin oxide (ITO) glass
developed growth of anatase phase at 500 °C annealed temperature. Below 500 °C, TiO>
film exist as an amorphous phase because the temperature range was not sufficient enough
for crystallization process to occur. In fact, the intensity of the peak getting stronger as
temperature increased up to 600°C. Generally, the addition of Ag promoted anatase phase
and present of Ag phase. In another study done by Avciata et al. (2016) on Ag doped
nanoparticles and coating on ceramic pellets for photocatalytic identified that all the powders
have structure of anatase TiO, and contain element of silver. The synthesized TiO>
nanoparticles measured 60.86 nm crystal size and Ag crystal value was found to between 12
and 23 nm. Table 2.10 shows the different amount of Ag content applied and phase present

in Ag-TiO2 coating.

Table 2.10: Amount of Ag content used for Ag-TiO> synthesize

Type of surface Ag content Phase Authors

Kamrosni et al.

ITO glass 0.1mlof0.1 M Anatase (2022)
Meydanju et al.

Polyethylene Not stated Amorphous (2022)

. 0.75,2.5and 3.5 Mogal Sajid et al.

Nanoparticles % Anatase (2014)

N . . Gyorgyey et al.
o)
Titanium disc 0.5 wt % Anatase and rutile (2016)
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Graphene sheet 75 mg of AgNOs Ag metal Choi et al. (2018)

2.8  Effect of Ag content on the microstructure of Ag-TiO> coating

Lidiaine et al. (2015) agreed that the crystallite size decreases as the Ag amount
increases (2015). This behaviour is related to the presence of dopant-induced association
defects, which cause crystalline structure distortions and smaller crystallites. This behavior
is related to the occurrence of association defects due to the presence of the dopant, leading
to distortions in the crystalline structure and smaller crystallites. Also reported by Sangchay
et al. (2018), who’s investigated on the Ag doped TiO- by microwave assisted sol gel method
with addition of 0.5 and 1 mol % Ag proved that the anatase crystallite size decreases as
increased Ag. However, Demircia et al. (2016) studied Ag doped TiO> thin film deposited
on Si substrate yield no remarkable neither reduction nor increase in crystalline size observed
as increased silver amount (0.1, 0.3, 0.5, 0.7 and 0.9 % Ag). The author explained that owing
to the differences of ionic radii of Ag* (129 pm) and Ti** (74.5pm), the Ag* ion migrate to
the surface of TiO2 either precipitation or dispersion on the surface.

The increase of Ag content induces to more porous structure of the films which
advantages the photocatalytic of TiO2 due to its enhanced surface area. This finding revealed
by Halin et al. (2018). The author worked on Ag/TiO- thin film deposited on glass substrate
with the addition of 0.5 and 1.0 g AgNOs and the surface morphology obtained shown in
Figure 2.6 respectively. It can be seen that as increased amount of Ag content inhibited more

porous sponge like structure.
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(a) (b) (c)
Figure 2.6 :SEM of Ag-TiO> film annealed at 450° (a) pure TiO>, (b) doped TiO2 0.5 g Ag
and (c) TiO2 doped 1.0 g Ag (Halin et al., 2018)

The studied carried by Zheng et al. (2019) on Ag-TiO2 composites found that Ag
shaped is not really in regular cube with diameter around 20 nm. EDS and mapping analysis
detected Ti, O and Ag peaks which proved the formation of Ag/TiO2 composites. Generally,
when Ag incorporated TiOg, it expected that metallic Ag tend to appeared on the surface of
the coating. Gyorgyey et al. (2016) found characteristic of rounded grains observed on the
surfaces of the titanium discs that were coated with the silver photocatalyst containing
copolymer film. Suwei et al. (2017) discovered that incorporation of 25 mol % Ag content
incorporated Ag/BaTiOs composite film found that Ag nanoparticles were in spherical
structure and uniformly dispersed in the BaTiOz amorphous matrix, apart from some
aggregations and Ag cubic structure detected by TEM. While, Choi et al. (2018) formulated
Ag-TiO2/graphene oxide (GO) nanocomposites using 75mg Ag content and clarified that
Ag-TiO; nanoparticles were thoroughly distributed in the graphene sheet. The particles were
preferentially located at the edges rather than on the internal surface of the sheets.
Nevertheless, Saraswati et al. (2019) innovation of Ag/TiO2 nanocomposite coated on cotton
fabric with 1, 3and 5 wt % Ag content reported that it was difficult to distinguish between
each catalyst constituent component.

The effect of Ag-TiO; coating with different TiO, content deposited on titanium
substrate fabricated using electroless plating technique studied by Liua et al. (2018)

identified that the TiO2 nanoparticles incorporated well into Ag matrix and promoted Ag
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ion release which superior the antibacterial activity of Ag-TiO- coatings. The author stated
that Ag nanoparticles are homogenously distributed within the TiO2 structure with Ag
particles are spherical in shape while TiO. particles are in rectangular shape (Noberi et al.,
2016).

According to Xinggang et al. (2015), Ag doped TiO, nanotubes fabricated by ion

implantation and anodization suggested that Ag ions had improved the resistance of Ti foil
to corrosion where after the implantation, a compact tubular structure of Ag doped nanolayer
generated on the surface of Ti foil without Ag nanoparticles found on surface.
The surface morphology of Ag-TiO. coating revealed homogenous, dense and cover the
substrate completely with low amount of Ag used for doping TiO». These was discovered by
Cotolan et al. (2016) using the ratio of 0.0037 Ag and Kaygusuz et al. (2016) uses 0.25, 0.5,
0.75, 1, 2 and 5 % of nano Ag-TiO> formed on leather samples. In another studied by Halin
et al. (2018) on Ag-TIO; thin film deposited on glass substrate found that the surface
morphology of the film porosity increased as increase Ag content (0.5-1.0 g Ag) and large
flaky size and cracks throughout the coatings.

Besides Ag content, microstructure formation, Ag-TiO> grain size also affected by
the heat treatment temperature. The full width with half maximum (FWHM) obtained from
XRD data predicted the particle size of the film whether the size is smaller or getting bigger.
FWHM values increased and narrowing indicating that the particle size increased. For
example at different heat treatment temperature applied on Ag-TiO> thin film deposited on
ITO done by Kamrosni et al. (2022) showed up that FWHM values decreased and narrowing
meaning that the particle size increased. Besides, this finding supported by using scherer
equation calculated which crystallite size of anatase increased from 40.4 nm at 500 °C
annealed temperature to 46.0 nm when annealing at 600 °C. The increased annealing

temperature to 600°C present stronger intensity of anatase peak with Ag.O peak begins to
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growth. It also revealed that film structure without annealing was porous and rough even
though TiO: particles uniformly distributed. The TiO> structures started to form link at
temperature above 300 °C and fully crystallize at 500 °C. Beyond that, exceeding
temperature up to 600 °C, the film became porous and linkage of TiO; distance in Ag-TiO:
thin film become wider with roughness surface 3.92 nm. Figure 2.7 illustrated film structure
of Ag-TiO> coating layer annealed at different temperature presented by Kamrosni et al.

(2022).

Figure 2.7: SEM micrograh and surface morphology of Ag-TiO- thin film with different
annealing temperature, (a) non-annealing, (b) 300°C, (c) 400°C, (d) 500°C and (e) 600°C
(Kamrosni et al., 2022)

2.9  Effect of Ag content on the photocatalytic performance of Ag-TiO; coating
The photocatalytic behaviors of Ag/TiO2 composite were influenced by a number of

factors, including the type of metal precursors, total metal loading, solvents, reducing agents,
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pH, temperature, water/precursor molar ratio, and others (Abbad et al., 2020, Chakhtouna et
al., 2021). Ag-doping were believed to give a significant effect on the inhibition of electron-
hole recombination since the photoexcited electron possibly trapped by Ag particles, which
acted as an electron storage sink on the TiO surface (Cruz et al., 2022). Figure 2.8 shows

an illustration of Ag doped TiO> coating particles on the effect of Ag concentration:

Ag-TiO, Ag-TiO,
particle with particle with
low silver content: high silver content:
silver oxide species at surface Reduced silver clusters
on surface

Figure 2.8: Mechanism of Ag-TiO- particles showing the effect of Ag concentration on
particles size, nature and location of silver species in low and high silver-containing
samples (Mogal Sajid et al., 2014)

According to work done by Zheng et al. (2019) this trapping effect is negligible for
Ag content below 0.5 molar %. On the other hand, Ubonchonlakat et al. (2008) worked on
Ag doped TiO- deposited on ceramic tile substrate at range 0.5 to 3 mol % Ag content
revealed that the highest photocatalytic activity of film was obtained at 1 mol% Ag doped
TiO, sintered at 500°C.While Xin et al. (2005) investigated Ag-TiO2 powder ranging from
0, 0.01, 0.03, 0.05, 0.1, 0.3,0.5, 1, 2, 3, 5, 7, and 10 mol % Ag content on the effects of the
surface states, surface energy levels, and interfacial electron transfer for photocatalytic
evaluation. It was found that at 5 mol % Ag content sintered at 400 °C for 4 hours was the
highest degradation ratio of rhodamine B (RhB). Photocatalytic activity known to be the

function of their surface properties; as surface area increase, the number of the active sites
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also increases. High surface area gives better photocatalytic efficiency (Suwarnkar et al.,
2013). The appropriate amount of Ag doped TiO> can effectively capture the photoinduced
electron; photoinduced electron can be immediately transferred to oxygen adsorbed on the
surface of TiO2 and the amount of surface hydroxyl radical is increased led to the expanded
response range of light to the visible region (Xin et al., 2005, Sobana et al., 2006).

The photocatalytic activity of TiO2-Ag particles calcined at 500 °C was highest and
decreased with increasing calcinations temperature up to 800 °C (Harikishore et al., 2014).
Annealing at very high temperatures increases the particle size and decreases the surface
area and favors the phase transformation from anatase to rutile. The photocatalytic properties
of TiO, are enhanced by the addition of Ag dopant. Sangchay et al. (2018) works on TiO>
doped 0.5 and 1 mol % Ag had degraded 68.30 % and 81.43 % Methylene blue under UV
irradiation respectively. Nevertheless, Joao et al. (2019) highlighted that low amount of 0.1
wt % Ag is effective for the degradation mixture of five parabens (methyl, ethyl,propyl,
benzylparaben and butylparaben) using low transferred ozone dose (TOD). Since the
addition of Ag into TiO; create the trap levels between conduction bands and valence bands
of TiOy, the band gap of Ag-TiO will definitely modified. The absorption spectra of Ag-
TiO2 nanocomposites broaden to the visible region and increase absorbance as increases Ag
concentration whereby the optical band gap decreases. Hari et al. (2012) has observed the
tuned of band gap Ag-TiO2 using to 2.75 eV, 2 eV, 1.87 eV and 1.75 eV parallel with
increasing Ag concentration from 0.015, 0.02, 0.05 and 0.1 wt. %.

The surface phenomenon of Ag-TiO. composite oxidizes/reduces or degrades the
organic pollutants, biomolecules, micro-organisms into environment-friendly CO; and H.O
in presence of a photocatalyst (Prakash et al., 2022). Literally, the rules of photocatalytic of
Ag-TiO. when exposed to light caused photogenerated/photoexcitation of electro-holes
separation happened. The charge carrier of electron in valence band will excited to the
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conduction band and react with oxygen molecules (*O2). Meanwhile, the holes will then
react with water molecules forming hydroxyl radical («OH). These radical will then react
with any foreign substances or organic pollutants by degradation into CO»> and H.O

molecules. Equation 2.5 to 2.9 summarized the photocatalytic of Ag-TiO> reaction.

AGITIO + NV ey €5 + B (2.5)
ecp + 02 — 0 (2.:6)
05 + HyO e OH" + H,0. 2.7)
OH + hf, ee——— .OH (2.8)
.OH + organic pollutants == Photodegradation products (2.9)

Saraswati et al. (2019) studied the antibacterial effect of nanocomposite Ag-TiO>
coated cotton fabrics for footwear application , the optimum of Ag in disinfecting is 3%
loading Ag as it is proven by the percentage of bacterial and fungal disinfection which reach
100% efficient, Ag-TiO2 photocatalyst is an excellent and long-lasting antibacterial
nanocomposite material (Akhavan, 2009). Moreover, addition of SiO2 into Ag-TiO> coating
also showed a high photocatalytic activity in hydrophilic and self-cleaning ability, superior
to a TiO2 or Ag-TiO2 coating alone due to the high dispersion and the structural effects of
the silica present.

The photocatalytic properties were certainly depends on the crystalline state and
microstructure of Ag/TiO> composite. Hence, Kamrosni et al. (2022) worked on
microstructure of Ag/TiO- thin film annealed at different temperature ranging from 300°C
to 600°C. It was observed that Ag-TiO> thin film annealed at 500°C displays highest cut-off
wavelength which is 396 nm with lowest band gap energy, 3.13 eV. Table 2.11 shows band

gap value of Ag/TiO- thin film with different annealing temperature defined by the studied:
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Table 2.11: Band gap value of Ag-TiO: thin film with different annealing temperature
(Kamrosni et al., 2022)

tem'|c6)\erl rr;iilllg g(°C) Cut-off(\;‘vre;l\;elength Band gap (eV)
Non-annealed 379 3.27
300 382 3.45
400 388 3.19
500 396 3.13
600 390 3.18

2.9.1 Degradation under UV light irradiation

When exposed to UV light, there was an excitation of electron of TiO> from valance
band (VB) to conduction band (CB). The photoinduced charge carrier of electron and holes
will then reduce and oxidized in surrounding environment. The charge carriers on the surface
interact with oxygen (O2) and water molecules (H20). Holes oxidizes H.O molecules into
highly reactive hydroxyl radicals (*OH) and electrons reduces O> molecules to superoxide
radical anion (*O2"), which is further reduced to *OH. These radical known as Reactive
Oxygen Species (ROS) existed on TiO, surface which it react with harmful organic
pollutants by degradation to CO, and H>O (Prakash et al., 2022). Figure 2.9 proposed

mechanism of Ag-TiO> coating exposed under UV-light irradiation.

- = : .
A9 A UV irradiation Ti0, _-Ag 0, Organic molecules
1 | (N.(
: CB ece e
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\ CO2 + H20O
&m a i VB < h‘h‘hr
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Figure 2.9: Photocatalytic mechanism of Ag-TiO2 (Zheng et al., 2019)

The addition of Ag coupled TiO2 when exposed to UV light, electron-hole separation
will takes place. The electron in the valence bands agitated to conduction bands causing a
vacancy in valence bands. These photogenerated electrons moved into metallic Ag and
accumulated on its surface. Electrons then reacted with absorbed oxygen on Ag surface to
form oxygen radicals (O2) and further generated hydroxyl radicals ((OH). The "OH radical
then reacts with H*. Similarly, the holes in valence bands also will react with H>O generating
"OH radical too. At the final stage, 'OH strong oxidation will oxidized the organic compound
presence into H>O and CO; (Zheng et al., 2019). Choi et al. (2018) reported on Ag-
TiO/graphene oxide (GO) nanocomposites prepared by a simple one pot synthesis. It was
found that when exposed to UV light, photocatalytic activity of Ag-TiO2/GO
nanocomposites degrade almost 80 % of methylene blue dye after 6 hour.

A thickness of 20 nm metallic Ag film were thermally evaporated onto crystalline
TiOy film surface reported by Zhang et al. (2022a) and it was found that the decomposition
efficiency of the MB solution under UV lamp irradiation improved. Ag doped TiO thin
film with Ag content 0.5 and 1 mol % coated onto glass slide via microwave-assisted sol gel
route explored by Sangchay et al. (2018). The photocatalytic degradation of MB under UV
irradiation was said greatly improved especially with incorporation of 1 mol % Ag having
81.43 % MB degradation. Nevertheless, Cruz et al. (2022) found that Ag-TiO2 with Ag
content at 0.05mmol exhibited the highest photocatalytic efficiency and the increase in the
silver concentration did not improve the photocatalytic properties of the Ag-TiO, composites
under UV light exposure. Parastar et al. (2013) discovered that 1 % was an optimal Ag
content for doping TiO2 nanoparticles by photodeposition method under UV light irradiation

for nitrate removal.
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2.9.2 Degradation under visible light irradiation

Generally visible light spectrum having light range, A>400 nm and at this condition
photocatalytic of TiO2 didn’t activated. That is why the modification of TiO> studied
continuously in order to improve the photocatalytic performance at the higher wavelength.
Herein, Ag added into TiO2 exposed to visible light causing photogenerated electron which
produced by surface plasmon resonance (SPR) of metallic Ag transferred to the conduction
band. The electrons will then react with absorbed O2 molecules to generate O, and finally
react with H* to become "OH (Zheng et al., 2019). The Ag cation with an appropriate
concentration aid to decrease in the recombination rate of photoreduced charges and
beneficial for expanding the range of light absorption. Hence, Ag acted as h*/e” trapped by
altering the h*/e” pair recombination rate whether it lowering or increasing depends on the
concentration of Ag cation (Jiang et al., 2021). Figure 2.10 illustrates the photoreaction of

Ag-TiO: coating under visible light irradiation.

Visible light

Photodegradation products

«OH
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Figure 2.10: Schematic mechanism of Ag-TiO> photocatalyts under visible light irradiation
(Mao et al., 2019)

Gyorgyey et al. (2016) studied silver coating on titanium disc for dental application
and reported that the absorption spectrum between 400 and 550 nm with a maximum of 455
nm indicating the plasmonic effect of silver nanoparticles which enhances the photocatalytic
efficiency of the coating under visible light region. Paper published by Suwei et al. (2017)
on Ag nanoparticle-dispersed BaTiOsz composite thin films revealed that Absorption peak in
the wavelength region 450-600 nm results from SPR effect of Ag nanoparticles under visible
light.

TiO2-Ag with different Ag content of 0.5, 2.0 and 5.0 % m/m was prepared by
Lidiaine et al. (2015) and photocatalytic properties of 5.0 mol % Ag content increase in the
light scattering up to 800 nm. It explained that Ag® cluster present on TiO; surface contribute
to the improvement of visible light region. Ag doped TiO; incorporated with clay at different
amount investigated by Pohan et al. (2020) and evaluated the degradation of Orange Il under
visible irradiation. The authors reported that the removal efficiency of Orange Il increased
up to 62% with low amount of clay. Eventhough the incorporation of clay provided
adsorption characteristics, increased clay content causing TiO2 nanoparticles blocked them
from exposure to the dye molecules.

2.10 Summary

Based on the reported works review, several considerations need to be taken into the
design and development stage of a photocatalytic self-cleaning and antibacterial ceramic tile
surfaces. In order to improve the characteristics and performances of TiO2, many factors
needs to be considered. The factors including the type of precursors use, synthesis method
and technique, metal ions and substrate. All these will affect the microstructure such as phase

crystallization, crystal size, elemental distribution, surface and cross section morphology of
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TiO> that led to its performances. Most of the Ag-TiO> works were done on glass, metal and
fabric surfaces instead of ceramic surface. Nevertheless, the need to explored Ag-TiO:
potential on ceramic surface is necessary. This was due to the fact that ceramic surface are
highly utilized in daily application such as indoor and outdoor area. Therefore, ceramic tile
coated with Ag-TiO- coating was explored for the purpose of contributing a photocatalyst
ceramic tile surfaces which can beneficial the ceramic tile industry in developing self-
cleaning antibacterial surfaces. In accordance to the previous studies reported, it was found
that less study utilized Degussa P25 into the sol gel of Ag-TiO, formulation. Most of the
papers discussed the sol gel formulation of only using Ti precursor and Ag precursor without

the incorporation of Degussa P25.

Hence, the fundamental on synthesizing Ag-TiO> coating deposited on unglazed and
glazed ceramic tile coating with and without incorporation of Degussa P25 were conducted
in this research. In addition, the amount of Ag that can control the particles size, surface area,
thermal stability and band gap that contributes towards good photocatalytic performance of
Ag-TiO: coating on ceramic substrate is limitedly explored. This study is also focussing to

close this gap.
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CHAPTER 3

METHODOLOGY

3.1 Introduction

In this chapter, the methodology of work carried out is explained related to achieve
the aims of the study. Firstly, it starts with the design of the experimental research work and
details of all the raw materials and chemicals employed. Next, this chapter describes the
synthesis of Ag-TiO> coating with the aid of Degussa P25 and without Degussa P25 follows
by the formulation of Ag-TiO> coating with different Ag content. During the synthesis
process of Ag-TiO: sol it is important to ensure that the sol is properly prepared to avoid
contamination issue and the clean workspace is always practice during material handling
process.

This chapter also covers the characterization analyses and performance test of the
derived Ag-TiO, coating such as crystalline phases, morphology and photocatalytic
performances respectively. At the end of this work, the photocatalytic performances of the
Ag-TiO. coating are evaluated related to its characteristics properties which lead to the

understanding of its processing microstructure-performance relationship.

3.2  Experimental Design

The experiment work conducted in this research composes of five main stages that
were; Preparation of materials and substrate, Preparation of Ag-TiO2 sol coating with and
without Degussa P25, deposition of Ag-TiO> coating on ceramic tiles, preparation of Ag-
TiO2 coating with various Ag content deposited on ceramic tiles, characterization and
analyses of Ag-TiO: coating on ceramic tiles, and photocatalytic performance of Ag-TiO-

coating. In the first stage, materials received are of analytical grades from different supplier
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were secured accordingly. Substrates of unglazed and glazed ceramic tiles undergo cutting
and cleaning process for the coating preparation.

Stage two involved the preparation of Ag-TiO sol with incorporation of Degussa
P25 and without Degussa P25. Titanium tetraisopropoxide (TTiP) as the TiO2 precursor
together with Degussa P25 and without Degussa P25 were used during preparation of Ag-
TiO2 sol. The purposed of using Degussa P25 in TiOzare:

i.  for the surface to serve as the nucleation site and growth TiO> particle and prepare

thicker TiO2 coating with good adherability on substrate (Sreethawong et al., 2014).

ii.  Support the growth of particles size through crystal orientation and homogenous
coating attached on the substrate. Therefore, better connection between TiO>
structure and Degussa P25 which led to uniform distribution of titania (Musa et al.,
2017a)

iii.  Ag-TiOzcoating added with Degussa P25 additive promoted more anatase and more
homogenous microstructure that required for antimicrobial application (Nurhamizah
et al., 2016a)

The incorporation of Degussa P25 is correlated to the study objective on the effect of
Ag-TiO: coating with and without the presence of Degussa P25 on the characterization of
Ag-TiO- deposited on unglazed and glazed ceramic tiles. In this stage, the amount of Ag-
TiOz sol prepared with varied amount of Ag content that were 2.5. 5.0 and 7.5 mol % Ag.

Next, stage three was the deposition of Ag-TiO; coating with various Ag content on
the ceramic tiles that is relevant to the second objective to of this research study that is to
assess the effect of Ag content on the compositional, phase transition and microstructure of
Ag-TiO- coating deposited on unglazed and glazed ceramic tiles. After the deposition of Ag-
TiO2 coating, stage four involve work where the coated Ag-TiO. ceramic tiles were

characterized and analyzed using X-Ray diffraction analysis (XRD), Scanning electron
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microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) and Field Emission
Scanning Electron Microscopy with Energy Dispersive X-Ray Spectroscopy (FESEM/EDX)
for the crystal phases identification, surface and cross section morphology and elemental
distribution mapping. At last, stages five assess the photocatalytic performance of Ag-TiO:
coating by the degradation of methylene blue in ultraviolet (UV) and visible light irradiation.
During the research, safety in handling the materials is a priority. The result obtained were
examined carefully and reported in details. The experimental flowchart is shown in Figure

3.1.

Stage 1 Materials and ceramic tiles preparation
e Unglazed tiles

e Glazed tiles

v

Preparation of Ag-TiO- sol gel




5 x dipping

Ag-TiO; coated ceramic tiles

!
'

Figure 3.1: The experimental flowchart
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3.3 Preparation of raw materials

Preparation of Ag-TiO: sol involved the use of , titanium tetraisopropoxide (TTiP)

(TiI[OCH(CHBa)2]4) as titanium precursor because it is one of the suitable metal alkoxide

precursor that produce non-toxic by-products during sol gel process (Collette et al., 2016).

Meanwhile, ethanol and deionized used as solvent and hydrochloric acid acts as catalyst.

The commercial TiO2, Degussa P25 also as titanium precursor having anatase to rutile ratio

of 4:1 and mean particle diameter of 22 nm was employed as an aid in preparing Ag-TiO:

P25. Degussa P25 powder used directly as received where the XRD result analysis of that

powder shown that pre-calcined Degussa P25 up to 500 °C gave no effect on the crystal

structure of TiO. powder (Appendix A). Table 3.1 present the starting materials used in

preparation of Ag-TiO coating. All the chemicals must be free from contamination and still

appropriate to use.

Table 3.1: The details of chemicals used for preparation of Ag-TiO: sol

Chemical/Raw material| Formula Pugty | Gempnercial Function
(%) reference
Degussa P25 TiO 99.5 | Sigma Aldrich| TiOzenhancement
Titanium (1V) Siama
isopropoxide, Ti(OC3H7)4 97 gn TiOz precursor
Aldrich
TTIP
Silver nitrate AgNOs 99.9 Merck Ag precursor
Hydroc_hlorlc HCI 37 Merck Catalyst
acid
Ethanol EtOH 95 Polyscientific Cleaning agent
Acetonitrile CHsCN 99.5 Merck Reducing agent
Methyll\;rée blue, Ci6H18NsS Comak Pollutant
DeIOI’]IZ[(;(Ij water, H20 Polyscientific Hydrolysis agent
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The materials and chemicals must be handled with care because some of their
properties such as brittleness of ceramic tiles, tendency of TTiP to oxidize and sensitivity of
AgNO:s that turn black in colour when exposed to high intensity of light. During the
hydrolysis process of TTiP, the absorption occurred was substituted by its thermal
degradation and the impurities due to the deterioration of TTiP affect the composition and
crystallinity of the film, as well as its morphology (Kim et al., 2022). The AgNOs in the
other hands started to hydrolyze when exposed to sunlight or any bright light. As it dissolves
in water, it reduces into silver ions (Ag") and nitrate ions (NOs"). The incorporation of water
produced hydrogen ions (H™) from the dissociation of water molecules. These hydrogen ions

can then reduce the silver ions to metallic silver (Ag®), which appears as a black precipitate:

Agt+e- — Ag° (3.1)

The solution will appears black in colour because the metallic silver particles scatter
light, which happens when water acts as a reducing agent. This process involves donating
electrons to silver ions, converting them into solid silver metal. Therefore, when handling

AgNO:3, the environment condition needs to be in minimum amount of light.

3.4  Preparation of ceramic tile

Two different types of ceramic tiles were used in this work that was unglazed and
glazed ceramic tiles. In order to prepare the small pieces of ceramic tiles, both ceramic tiles
were cut by using tile cutter followed by precision cut off machine. The tiles in 10 mm x 20
mm (width and length) in size obtained by using low speed precision cut off machine model
Micracut 151. The diamond wheel of 150 mm in size is set at 300 rpm/min with the presence

of water during rotation. This is to reduce the heat generate during cutting process and
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residue from the tiles. Figure 3.2 illustrates the size dimension of unglazed and glazed

ceramic tiles.

(a) unglazed ceramic tile (b) glazed ceramic tile

Figure 3.2: Dimension measurement of (a) unglazed and (b) glazed ceramic tile

3.4.1 Ceramic tile cleaning

Before dipping, both unglazed and glazed ceramic tiles were cleaned from any dirt
and any contaminant such as dust, oil and lint that stick on the tile surface. The cleaning part
was necessary because it may affect the reaction bonding between the substrate and coating
layer. The cubic shape of unglazed and glazed ceramic tiles prepared were cleaned by using
acetone, ethanol and distilled water. Acetone was used as to remove any organic impurities
on the unglazed and glazed ceramic tiles surfaces. While, ethanol used to remove the existed
foreign particles on the unglazed and glazed ceramic tiles surfaces along with traces of
acetone. Then, the unglazed and glazed ceramic tiles were put in a beaker soaking with
deionized water (DI) and placed in ultrasonic bath which was a cleaner with a large
transducer area and tanks that uses high power ultrasonic intensity to agitate a fluid

throughout the entire oscillating tank for 10 minutes. After that, both unglazed and glazed

62



tiles were rinsed and soaked with deionized water (DI) approximately 10 minutes. At the
end of the cleaning process, the unglazed and glazed ceramic tiles undergo drying process at
110 °C for 2 hours to ensure that traces of water were completely removed. Figure 3.3
illustrates the process of cleaning unglazed and glazed ceramic tiles. While, the

corresponding cleaning procedure is shown in Figure 3.4.

Ceramic tile

Figure 3.3: Cleaning process of unglazed and glazed ceramic tiles in ultrasonic bath

Pre-cut unglazed/glazed ceramic tile

v

Immersed in acetone for 10 minutes

v

Immersed in ethanol for 10 minutes

v

Immersed in deionized water for 10 minutes

v

Dry in an oven at 110°C for 2 hours

!

Clean ceramic tile

S

Figure 3.4: Preparation procedure for cleaned unglazed and glazed ceramic tiles

3.4.2 Surface Roughness (Ra) Measurement
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The surface roughness of the clean unglazed and glazed ceramic tile was measured
by the mean value of Ra (arithmetic mean of the absolute departures of the roughness profile)
accordance to JIS 1994 standard. The purposed of measuring the surface roughness was to
assess the adhesion between the coating layer and substrates. The measurement data
collected by tracer method using portable surface roughness profilometer equipped with
conical gauging point made of a diamond tip of 90° curvature and 2 pm tip roundness radius.
The probe travelled along four non-intersect straight lines with specific length. The steps
repeated on five different sample of unglazed and glazed ceramic tile to get the accurate
results. The surface roughness of the unglazed and glazed ceramic tile obtained is 4.56 +

0.02 pm and 0.05 £ 0.005um respectively.

3.5  Preparation of Ag-TiO> sol gel
The preparation of Ag-TiO, was composed of three main stages that were:
i. Ag-TiO2 sol with incorporation of commercial Degussa P25
ii. Ag-TiO2 sol without incorporation of commercial Degussa P25

iii. Ag-TiO2 sol formulation with various Ag content

During the preparation of Ag-TiO: sol, sol gel method was employed due to its
convenience and suitability for the synthesis of Ag-TiO: (literature review section

2.5). The details of the preparation were discussed in the section 3.5.1 and 3.5.2.

3.5.1 Preparation of Ag-TiO2 sol with incorporation of commercial Degussa P25

For the sol with Degussa P25, there were several steps need to be concerned during
the sol preparation. The purpose was to ensure the compatibility and homogeneity of
Degussa P25 in the prepared sol (Musa et al., 2017b). Hence, two different mixtures that are

mixture X and mixture Y were formulated. Mixture X consists of 32 ml deionized water
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(DI), 8 ml ethanol (etOH) and 0.4 ml HCL. Mixture Y composed of 2 ml TTiP and 8 ml
etOH. Mixture X and Y mix together to form TiO> alkoxide sol and stirred for 3 hours. Then,
2.5 g Degussa P25 (50 g/L) was added into the sol and stirred for 1 hour forming TiO: sol.
Then, the Ag content at 2.5, 5.0 and 7.5 mol % of silver nitrate (AgNO3) were added into

TiO> sol.

Next, the Ag-TiO2 P25 sols were left for 48 hours aging at room temperature. The
amount of Degussa P25 used was based on the previous studied by Chen and Dionysiou
(2006) on depositing TiO2-P25 coating on stainless steel substrate and heat treated at 600°C.
The author employed Degussa P25 content at 30 to 50 g/ L with only one dipping. The result
found that 50 g/L content in TiO2-P25 coating exhibited the finest film with good adhesion
on stainless steel substrate and highest photocatalytic activity. Recent worked by Musa et al.
(2018) on the effect of Degussa P25 content on TiO2 coating using sol-gel dip-coating
technique on the unglazed ceramic tiles also discovered that 50g/L content of Degussa P25
was the amount needed to achieved a good adherence coating on ceramic tiles. It is noted
that the mixing process was performed in laboratory fume hood as the chemical used tends
to be easily oxidized. During the preparation of Ag-TiO2 P25 sol, the amber glass was used
for the sol due to the sensitivity of Ag to the light exposure. The steps of preparation were

shown in Figure 3.5.
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32 ml DI + 8 ml etOH 2ml TTiP + 8 ml etOH
(Under constant stirring for 30 minutes) (Under constant stirring for 30 minutes)
A 4
0.4 mlHCL
(Under constant stirring for 30 minutes)

A4 A\ 4

Mixture X Mixture Y

\ 4

Add sol Y into sol X drop wisely
(Under constant stirring for 3 hours)

v
TiO2 alkoxide sol

2.5 g Degussa P25

TiO2 sol
AgNOs3
+
v .
: Acetonitrile
Ag-TiO: sol

(Stirred for 1 hour before 48
hours aging)

End

Figure 3.5: Preparation of Ag-TiO2 sol with incorporation of Degussa P25

3.5.2 Preparation of Ag-TiO2 sol without incorporation of commercial Degussa P25
In contrast, to prepare Ag-TiO2 sol without incorporation of Degussa P25 a different

approach has been used. Preparation of Ag-TiO2 sol without the incorporation of Degussa
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P25 started with 4 ml of TTiP slowly dropped using glass dropper into 64ml deionized water
(DI) water and the solution were constantly stirred for 30 minutes using magnetic stirrer at
room temperature. The amount of TTiP and DI water used were doubled compare to amount
of preparing Ag-TiO2 P25 sols. This is to ensure enough precursor of TiO2 in TTiP to growth
the anatase phase of laboratory made Ag-TiO- sol coating (Yazid et al., 2019). Subsequently,
0.4 ml of concentrated hydrochloric acid (HCL) added dropwisely into the solution and
continuously stirring for 3 hours. As previous, Ag content at 2.5, 5.0 and 7.5 mol % of silver
nitrate (AgNO3) were added into the sol and stirred for 1 hour. Then, the solution was left
for 48 hours at room temperature for aging process before ready to use. The preparation of

Ag-TiO2 is shown as in Figure 3.6.

A 4

64 ml of DI water in clear glass bottle

'

4 ml of TTIP added drop by drop
(Under constant stirring for 30 minutes)

'

0.4 ml of HCL added into the solution
(Stirred for 3 hours)

v

TiO; sol

AgNO; + Acetonitrile

v

Ag-TiO: sol
(Stirred for 1 hour before 48 hours aging)

l

Figure 3.6: Preparation of Ag-TiO- sol
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In previous section (3.5.1) the preparation of Ag-TiO> P25 had employed half
amount of TTiP and deionized water for the sol preparation because the incorporation of
Degussa P25 had already contributed to 70 % anatase and 30 % rutile phase. Literally, the
Ag-TiO, P25 already contributed to the majority of the anatase phase in the coating.
Therefore, the amount of chemical needed to prepare the Ag-TiO2 P25 sol was half the

amount needed to prepare Ag-TiOz sol without incorporation of Degussa P25.

3.6  Deposition of Ag-TiO> coating with varied Ag content on ceramic tile

Based on our aim of study that is to assess the effect of Ag content on the Ag-TiO>
coating, three different formulation of Ag has been studied. In this study, 2.5, 5.0 and 7.5
mol % of Ag were introduced into the sols in order to have a better understanding on the
effect of Ag content on coating deposition. Ag content of 2.5. 5.0 and 7.5 mol % were added
before the aging process. The amount of Ag content ranging from 2.5 — 7.5 mol % has been
studied due to the previous studied which reported various amount of Ag content in the Ag-
TiO2 coating deposited on various substrate had yield good coating indicating that the
properties are influenced by the amount Ag content (Demircia et al., 2016, Kaygusuz et al.,
2016, Halin et al., 2018, Saraswati et al., 2019, Liaqat et al., 2020). As been shown in Figure
3.5 and 3.6 previously, Ag was added at the last part after the TiO2 sol preparation in order
to produce Ag-TiO2 sol. AgNOs was dissolved in acetonitrile which act as reducing agent
before it is added into TiO2 sol. The purpose was to break the chain of AgNO3z and reduce to
Ag ion. This was to ensure that formation of Ag particles during heat treatment of Ag-TiO>
sol (Halaciuga et al., 2011).

The precaution that had to be taken care during the Ag-TiO; preparation is the usage
of amber glass during the sol preparation due to the sensitivity of Ag to the light exposure.

Therefore, Ag-TiO- coated on unglazed and glazed tile was done ina room with low intensity
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of light. This is to prevent Ag ion from oxidize and coating layer turn dark color (Hou et al.,
2013). These steps are important as to ensure the existence of Ag in coating layer. Figure 3.7

shows the unglazed and glazed ceramic tile coated with Ag-TiO- coating.

Ag-TiO; coating
on glazed tile

Ag-TiO: coating
on unglazed tile

Figure 3.7: Ag-TiO> coating deposited on (a) unglazed and (b) glazed ceramic tiles

3.6.1 Deposition method and procedure

Ag-TiO2 deposited on ceramic tile were carried out by dip coating technique using a
precision dip coater machine model Tefini DP1000 as shown in Figure 3.8. The rate of
withdrawal speed was set up for 30 mm/min with 5 s dwell time. The ceramic tile was
clamped onto the dip coater arm and immersed in the solution. The coated ceramic tile then
dried in room temperature for 3 hours followed by oven dried at 110 °C for 30 minutes.
Based on Musa et al. (2018) study on the effect of Degussa P25 content on the deposition
of TiO2 coating on ceramic substrate, five dipping of TiO2 sol was found appropriate to
produce a uniform and continuous layer covering the tiles with average thickness of ~29um
. Thus, referring to the study, the steps were repeated for 5 times to obtained 5 layers coating

on ceramic tiles (Musa et al., 2018).
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Touch screen panel

Substrate

Travelling arm

Figure 3.8: Dip coating machine

Substrate holder

Beaker with solution

The parameter of Ag-TiO, deposited on unglazed and glazed ceramic tile coating

prepared can be simplified as in Table 3.2:

Table 3.2: Summary for the samples prepared

Type of tile | Sol gel formulation | Ag content (mol %) | Deposition method
Unglazed Ag-TiO2 P25 2.5
& 5.0 Dip coating
Glazed Ag-TiO; 7.5

3.6.2 Heat treatment

Ag-TiO- coated on both unglazed and glazed tile were heat treated using Nabertherm

B180 furnace. Heat treatment is the final stage of sample preparation needed for the

crystallization process of the Ag-TiO2 coating prior to be analysed and subjected to any
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testing. The ceramic tiles of Ag-TiO2 coating on unglazed and glazed tiles were loaded on
alumina plates and placed inside the furnace. The furnace was set up at 500°C for 1 hour
soaking time with heating rate of 2 °C/min. The heat treatment temperature of 500 °C was
chose based on the reported anatase phase transformation of TiO2 which started at 500 °C.
In fact, Ag-TiO:> heat treated at 500 °C had exhibited the highest photocatalytic activity and
decreased as increased in heat treatment temperature (Keyvanloo et al., 2016, Lee et al.,
2005). Besides, Keyvanloo et al. (2016) reported that Ag-TiO2 nanocomposite heat treated
at 530 °C possed good degradation efficiency of Rhodamine B. The heat treated Ag-TiO>
unglazed and glazed ceramic tiles then were kept in a clean, dark container and stored in
drying cabinet before subjected to further testing. The heating profile process of Ag-TiO>

coating was presented in Figure 3.9:
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Figure 3.9: Heating profile of Ag-TiO2 coating

3.7  Characterization and analysis of Ag-TiO coating on ceramic tiles
The characterization and analysis of Ag-TiO coated on unglazed and glazed tiles

were carried out for the crystallinity and phase transformation using GAXRD, surface and
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cross-sectional analysis using SEM/EDX and FESEM/EDX respectively. The samples were

prepared according to the testing procedure.

3.7.1 Crystallographic analyses using GAXRD and XRD

The ceramic substrates phases of unglazed and glazed ceramic tiles were analyses by
using X-ray Diffraction without implement any glancing angle. Meanwhile, the crystallinity
of Ag-TIO> coating deposited on unglazed and glazed ceramic tiles were analyse by using
Glancing Angle X-ray Diffraction PANalytical X’Pert PRO MPD Model PW 3060/60. The
scanning was performed using Cu Ka radiation (A = 1.54060A°) and scanning speed of
0.05°C/s.The detector position is recorded as the angle 20 in a range of 10° - 80° at a 4°
glancing angle that was the best glancing angle for ceramic substrate that was determined
from previous studied by Nurhamizah et al. (2016b). The Cu Ka of 1.54060A° and generator
settings at 30 mA and 40 kV. For this work, glancing angle was employed as to make
GAXRD measurement more sensitive to the surface region of interest and at same time
eliminate the contribution of the substrate on the diffraction response. Samples were placed
in the sample holder and the X-ray tube will rotate for 30 minutes for the X-ray beam
maintain focussed. After that, the quantitative and qualitative analysis of the GAXRD
profiles were analyse using PANanalytical X’Pert Highscore Plus software. In order to
calculate the crystallite size, the average crystallite size from XRD data was calculated using
Scherrer’s equation for the most intense diffraction peaks of anatase (101) at 25.3°, and rutile

(110) at 27.5°, as shown in equation 3.2:

D KA
" Bcos B

(3.2)
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where D refers to the average size of the crystalline (unit in nm), K denoted to the constant,
0.94, / represents the wavelength of X-rays, @ refers to the diffraction angle, f represents the
full width at half maximum (FWHM). As preliminary study, the unglazed and glazed
ceramic tiles without Ag-TiO- coating were also subjected to GAXRD analyses to examine

the peak exist of ceramic material.

3.7.2 Surface morphology analysis and cross-section

The surface morphology of Ag-TiO. coated on unglazed and glazed ceramic tiles
were examined by using SEM/EDX and the cross-sectional view by using FESEM/EDX.
The thin layer of Ag-TiO- coating deposited on unglazed and glazed ceramic tile surface had
limit the SEM/EDX on detecting the coating thickness. Thus, the FESEM/EDX was an

alternative for the determination of coating layer thickness.

3.7.2.1 Surface morphological analysis using SEM

The scanning electron microscopy model Carl Zeiss-Evo 50 type was used to analyse
the quality of surface microstructure of Ag-TiO; coating on unglazed and glazed ceramic
tile surface. Before carrying the analyses, the surfaces of Ag-TiO, samples were mounted
on aluminium stubs and sputter coated with a thin layer (1.5-3.0 mm) of palladium-gold
inside a “sputter coater”” machine in order to make the tile coating surface conductive enough
as to avoid electrostatic charging and poor image resolution during examination prior to
scanning surface morphology procedure. The SEM imaging in this study uses secondary

electrons detector to examine the Ag-TiO- coating on ceramic tiles surface.

3.7.2.2 Elemental mapping and composition using EDX
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Energy Dispersive X-ray spectroscopy (EDX) analysis model JEOL6010PLUS/LV
was used to determine the elemental analysis and element distribution on the coating surface.
X-ray spectrum emitted by a solid sample bombarded with focused beam of electrons to
obtain a localized chemical analysis. Data of element distribution or maps and atomic
number present in the coating will be shown by the computer screen. Then, the element
analyses and distribution of Ag-TiO> coating on the unglazed and glazed ceramic tile of

coating surface were distinguished according to the colour produced.

3.7.2.3 Cross-sectional analysis using FESEM

In this experiment, samples were observed under Field Emission Scanning Electron
Microscopy (FESEM) model HITACHI SU5000. The unglazed and glazed ceramic tiles
without coating and coated Ag-TiO2 were study to examine the effect of Ag incorporation
within the coating layer. In this research, to obtain the cross-sectional view, the pure
uncoated unglazed and glazed ceramic tiles as well as Ag-TiO, coating on unglazed and
glazed ceramic tile were fractured along the pre-created notch. The purposed of this step was
to make sure that minimal damage on the Ag-TiO: coating as it will affect the analysis result.
Then, the samples need to be current conductive by coating with a thin layer around 1.5 —
3.0 nm of gold-palladium. The coating thickness of at least five different parts along the

coating cross-section images, tave Was measured and averaged out.

3.8  Photocatalytic Performance of Ag-TiO2 coating

The photocatalytic test of Ag-TiO> coating on unglazed and glazed ceramic tiles were
performed to have an overview on the self-cleaning property. The degradation of aqueous
methylene blue (MB) under UV light was measured according to the standard procedures of

ISO 10678:2010 (Mills et al., 2012). Methylene blue was one of the industrial dyes that is
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toxic, carcinogenic and non-biodegradable and at worst a severe threat to human and
environmental safety. It has been applied in textile, pharmaceutical, medicine, food
industries, dyeing, paper, paint and printing (Khan et al., 2022). Therefore, methylene blue
was chosen in this study as a model of pollutant to conduct the photocatalytic test. In
addition, methylene blue was suitable for the degradation under UV and visible light due to
its ability to absorb light in visible range (600 — 700 nm) and partly in UV (<400 nm).

The undiluted MB solution (1 wt %, 500 ml) needs to dilute with distilled water in
order to obtain 10 ppm concentration calculated by dilution formula as equation 3.3 (Chang
and Goldsby, 2016) :

M1V1 = M2V2 (3.3)

Where M refer to the undiluted MB solution (ppm), V1 is the volume of the undiluted MB
needed (ml), Mz is the concentration of MB solution (ppm). In this experiment, the
concentration of MB use is 10 ppm and V> is the total volume of the diluted MB needed to
conduct the experiment.

Photocatalytic activity of Ag-TiO. coating surfaces in this research were done by
immersing the samples in aqueous medium of MB. Degradation of methylene blue (MB)
under both UV and visible light irradiation were then calculated. Every single coated tile
must undergo pre-irradiated by exposing under UV light for 24 hours. The purpose of pre-
irradiated is to decompose any contaminants and this known as photocatalytic oxidation
process (Thiruvenkatachari et al., 2008). Due to the nature of ceramic tiles that tend to absorb
the dye molecules, the clean coated tiles must be immersed in 25 ml MB solution for 24
hours. After that, the tiles were placed in a new 25 ml MB solution and exposed them to the
UV and visible light for 5 hours. Figure 3.10 illustrated the photocatalytic test conducted for

degradation of MB in a photocatalytic reaction box.
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Light source

Coated Ag-TiO>
ceramic tiles in MB

Figure 3.10: Schematic diagram of photocatalytic test for MB degradation

The degradation of MB was determined by UV-Vis spectrometer at adsorption
spectrum of 664 nm wavelength. As for the references sample, the coated tiles were kept in

the dark and its absorption spectrum were measured.

. Ao - At
Degradation of MB (%) = (A—) X 100 % (3.4)
o

where A4, is the absorbance of MB solution before exposed to UV light illumination and A,
is the absorbance of the MB solution at UV light illumination of time t.

The specific degradation rate, R

AA; XV

= (3.5)
At X exd XA

where, AA;, is the absorption difference from one measurement to another (every 20min), V
is the volume of MB solution (25 ml), ¢ is the MB molar extinction coefficient at 664 nm
(7402.8 m?/mol), d is the measuring cell length used at the spectrophotometer (10 mm), and

A is the contact area of MB solution and Ag-TiO> coatings.

76



The degradation rate of irradiated, Rirr and dark samples, Rqark Will make it possible
to calculate specific photocatalytic activity, Pus by using equation 3.5 and photonic

efficiency, {vs calculated as the equation 3.6 (ISO 10678:2010).

PMB = Rirr - Rdark (36)
P
s = —2 % 100 (3.7)
Ep

where, Ep is the UV light radiation intensity.
The UV light intensity, Ep (W/m?) is calculated by using equation 3.7 (Sharma et al.,
2012):

UV light intensity, Ep W (3.8)

" 4mD?

where W is the total wattage of the UV light source (W) and D is the distance between the
lamp and the coating surface. The distance (D) measured in for the ceramic tiles in this

studied was 16.00 cm.

3.9 Summary

At the beginning, two different sols were prepared that were Ag-TiO2 P25 and Ag-
TiOzsol. The preparation of these two different sols was very important in determining the
best sol for ceramic tiles coating. After that, the preparation of Ag-TiO, sol coated on
ceramic tiles was discussed by considering the amount of Ag in the best range based on the
literature review. Ceramic tiles of unglazed and glazed has been used as substrate and coated
with Ag-TiO2 P25 and Ag-TiO- for 5 layer dipping times. The amount of 2.5, 5.0 and 7.5

mol % of Ag were used to determine the effect of different Ag content incorporated on
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unglazed and glazed ceramic tiles and the influenced of Ag were studied. The crystallization
of Ag-TiO- coating with and without Degussa P25 was compared to propose the appropriate
Ag-TiO; coating for deposition on ceramic tiles. Further, several testing were carried out to
study the effect of Ag content on the characteristics and structural properties of Ag-TiO:
coating via Glancing Angle X-ray Diffraction (GAXRD), Scanning Electron Microscopy
with Energy-dispersive X-ray Spectroscopy (SEM/EDX) and Field Emission Scanning
Electron Microscopy with Energy-dispersive X-ray Spectroscopy (FESEM/EDX). The
photocatalytic performances of Ag-TiO2 coating on ceramic tiles were then performed by
degradation of methylene blue under UV and visible light irradiation. The photocatalytic
performances of Ag-TiO2 coating on ceramic tiles were discussed upon the characteristics
and properties analysis of Ag-TiO- coating respectively. By having an appropriate amount
of Ag needed for coating ceramic tiles will lead to a better performances of photocatalytic

tiles and antimicrobial in the future application.
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CHAPTER 4

RESULT AND DISCUSSION

4.1  Introduction

In this chapter, the characterization and microstructure of as received ceramic tiles
without coating and ceramic tiles coated with Ag-TiO- coating are discussed in details.
Firstly, the crystalline phase and surface morphology analyses of the ceramic tiles without
coating is presented as reference. Then, the crystalline phase analyses of Ag-TiO, coating
with Degussa P25 and without Degussa P25 on unglazed and glazed ceramic tiles is reported
and discussed. The purpose of crystalline phase analysis of Ag-TiO2 coating without
Degussa P25 and with Degussa P25 on unglazed and glazed ceramic tiles were essential to
confirm the presence of Ag phase in the coating layer before samples are subjected to
photocatalytic test.

Next, the results works based on varied Ag content of Ag-TiO> coating deposited on
ceramic tiles were presented. The effect of Ag content on the crystalline phase, surface
morphology and cross section analyses, elemental distribution and photocatalytic
performances of the Ag-TiO- coating exposed under UV and visible light irradiation were
discussed. Later, the influence of Ag content on the crystalline formation, microstructure
and its photocatalytic performance is evaluated and optimized Ag content for Ag-TiO:

coating on ceramic tiles based on the scope of this work is suggested.
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4.2 The ceramic tiles substrate
The as received ceramic tiles were studied for reference in this study. Both ceramic
tiles of unglazed and glazed were examined for XRD analyses and surface morphology

before being coated with Ag-TiO> sol.

4.2.1 Crystalline phase analyses

Figure 4.1 and 4.2 shows the crystalline phase of the unglazed and glazed tile
respectively. Both unglazed and glazed tile shows presence of mixture crystalline phases that
assigned to the ceramic components including cristobalite (JCPDS: 04-008-7642), quartz
(JCPDS: 00-046-1045), mullite (JCPDS: 00-015-0776) and cordierite (JCPDS: 01-082-
1884) that composed of silicon oxide (SiO.), aluminium oxide (Al.Oz), iron oxide (Fe203),
calcium oxide (CaO), sodium oxide (Na.O), potassium oxide (K>O) and zirconia oxide
(Zr0O2). This similar composition were reported in paper published by Ibrahim et al. (2017)
where the ceramic waste powder consists of those chemical composition with different
percentage. It can be deduced that both unglazed and glazed ceramic tile had similar peak
but with different peak intensity. In comparison, unglazed tile illustrated lower peak intensity
compare to glazed ceramic tile for example the Si phase at angle 26 = 30.39° and 72.19° and
Al phase at angle 20 = 38.7°. These indicated that the crystal size of the crystalline phases
exist in glazed tile was larger than the element crystal of unglazed tile. The XRD diffraction
peak is related to the crystal structure and the size of the crystallites in the sample. The higher
peak intensity indicates a higher number of atoms in the crystal, which could indicate a

higher degree of crystallinity or larger crystal size (Terohid et al., 2018).
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Figure 4.1: XRD pattern of unglazed ceramic tile
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Figure 4.2: XRD pattern of glazed ceramic tile

4.2.2 Surface morphology analyses

The surface morphology of unglazed ceramic tile in Figure 4.3 shows that the
unglazed tile had a rough and wavy like surfaces correspond to the roughness measured that
is 4.56 + 0.02 um as stated in section 3.4.2. It was observed that large holes are present on

the surface. This large hole is related to the presence of pores in unglazed ceramic tiles. The
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unglazed ceramic tiles consists of constituent element such as Oxygen (O), Magnesium
(Mg), Aluminium (Al), Silicon (Si) , Clorine (Cl), Potassium (K) and Calcium (Ca) as similar
element were identified by the XRD analyses reported in section 4.2.1. In addition, the
presence of Aurum (Au) element was from the gold sputter coating applied that needs the

samples to be conductive before subjected to SEM/EDX.

Element Weight %

™ O 37.6
:': Mg 04
w i Al 8.0
1= Si 16.6
- " . (o] 0.1
i S T K 16
o O w wo-dm W W@ W™ Ca 6.9

Au 28.9

Figure 4.3: The SEM/EDX of unglazed ceramic tile

In contrast, glazed ceramic tile SEM/EDX analyses shown in Figure 4.4 shows a
smooth surfaces with small particles embedded on the surface which suggest belongs to the
glazed microstructure. The smooth surface of the glazed tile correspond to the surface
roughness measured 0.05 = 0.005um stated in section 3.4.2. The glazed tiles consist of
ceramic elements similar as the elements presence in unglazed tile. Nevertheless, the EDX
analyses of glazed ceramic tile surface show the presence of small amount titanium which
responsible for the smooth surface and resistant to external agents such as microorganisms
(Reinosa et al., 2022). Titanium is known fluxes for the porcelain glazed and during firing
this titanium formed opacity (Teixeira and Bernardin, 2009). The presence of zirconia (Zr)
element for the wear resistance and strength that prevent the brittleness of ceramic material
(Manicone et al., 2007).The element of Iron (Fe) meanwhile for the colouring mechanism

that responsible for colour tones of the glaze tile (Gol et al., 2022).
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Figure 4.4: The SEM/EDX of glazed ceramic tile

4.3  Characterization of Ag-TiO2 coating with Degussa P25 and without Degussa

P25

In this section, the phase analyses of TiO, and Ag-TiO- coating on ceramic tiles with
and without the presence of Degussa P25 were discussed. The effect of Degussa P25 addition
into sol during preparation of Ag-TiO coating were analysed to decide whether the Degussa
P25 is beneficial to enhance the formation of Ag-TiO> coating on ceramic tiles. This is due
to the earlier reported findings that suggests utilization of Degussa P25 as precursor for TiO>
coating deposition help towards the formation of nanocomposite TiO> coating (Musa et al.,

2017D).

4.3.1 Crystalline phase analyses

The GAXRD pattern of TiO> coating with the presence of Degussa P25 (TiO2 P25)
and without Degussa P25 (TiO) coating on unglazed tiles were shown in Figure 4.5 (a) and
(b). It can be seen that TiO> P25 coating on the unglazed tile consists of anatase peak
(JCPDS: 00-021-1272) at angle 20 = 25.4 (101), 37.8 (004), 48.0 (200), 54.8 (105), 55.1
(211), and 75.1 (215) and rutile peak (JCPDS:00-021-1276) at angle 26 = 27.4 (110) and
68.9 (301). While TiO. coating without Degussa P25 consists of majority rutile phase at
angle 20 = 26.4° (111), 27.9 (210), 39.5 (002), 50.07 (321), 54.8 (222), 68.03 (213) and

75.65 (521). Brookite phase (JCPDS: 00-029-1360) is identified by the angel 20 = 36.4 (232)
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and 41.3 (002). There is one peak of anatase phase (JCPDS: 00-021-1272) at angle 59.91
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Figure 4.5: GAXRD pattern of TiO. coating with Degussa P25 and without Degussa P25
deposited on unglazed ceramic tiles

The GAXRD peaks of TiO; coating on glazed tile in Figure 4.6 shows not much
differ as the TiO2 coating on unglazed tiles. It shows that the presence of Degussa P25,
anatase and rutile peaks with high intensity of anatase peak (JCPDS: 00-021-1272) at angle
20 = 25.4° (101), 37.8° (004), 48.0° (200), 54.8° (105), 55.1° (211), 68.7° and 75.1° (215)
and rutile peak (JCPDS:00-021-1276) at angle 26 =27.4° (110) and 68.9°(301). No brookite
phase is identified. For the coating without Degussa P25, the XRD peak shows presence of
balance of mixed anatase, rutile and brookite. The anatase peaks were observed at angle 20
= 25.4° (101), 63.7° (400) and 68.7° (228). Rutile peaks were observed at angle 20 = 27.4°
(110), 35.8° (220), 43.5° (112), 54.4° (222) and 57.6° (312). The presence of brookite phase
(JCPDS: 00-029-1360) is also observed at angle 26 = 39.8° (312), 40.8° (213), 47.6° (024),
and 52.9° (044). Besides phases related to TiO», there is ceramic peak represent by
Robinsonite (PbsSeS13) detected on the glazed tile surface of TiO2 coating without Degussa
P25 addition at angle 20.8°.This was due to the thin layer possessed by TiO2 coating without

Degussa P25 addition on ceramic tiles.
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Figure 4.6: GAXRD pattern of TiO. coating with Degussa P25 and without Degussa P25
incorporation deposited on glazed ceramic tiles
4.3.1.1 Effect of Degussa P25 addition on the crystalline phases of TiO coating

Based on the observation, TiO; coating with Degussa P25 and without Degussa P25
shows the presence of anatase and rutile phases. While brookite phase observed only on TiO>
without Degussa P25 addition. However, the deposition of TiO2 coating with Degussa P25
shows more presence of peaks anatase compared to TiO. coating without Degussa P25.
These can be relate to the composition of Degussa P25 that comprises of 70 % anatase and
30 % rutile phase that helps in the growth of anatase phase in the coating. As reported before,
Degussa P25 plays an important role in promoting crystal structure of TiO,. It provided a
nucleation sites at which the particle growth happened on the surfaces of TiO, (Nurhamizah
et al., 2016b, Sreethawong et al., 2014, Musa et al., 2017a). It was also realized that TiO-
coating without Degussa P25 coated on glazed ceramic tiles shows more presence of
brookite peaks compared to the TiO- coating with Degussa P25.

Moreover, the addition of Degussa P25 also contributed to bigger crystallite sizes of
anatase for both TiO> coating deposited on unglazed and glazed ceramic tile. It can be
deduced that the addition of Degussa P25 caused particles agglomeration that results in
bigger grain size which will lead to the formation of bigger crystallite size (Musa et al.,
2017b). Table 4.1 presents the crystallite size of TiO2 with and without Degussa P25 coating

on unglazed and glazed ceramic tile.
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Table 4.1: Anatase crystallite size of TiO, with and without Degussa P25 coating on
unglazed and glazed ceramic tile

Anatase crystallite size (nm)
Photocatalyst sample - -
Unglazed Tile Glazed Tile
TiO2 P25 17.2 19.2
TiO2 8.6 8.6

4.3.1.2 Effect of Degussa P25 addition on the crystalline phases of Ag-TiO: coating
The effect of Degussa addition on the Ag-TiOz coating deposited on unglazed and
glazed ceramic tiles is shown in Figure 4.7. The GAXRD pattern shows that the addition of
Degussa P25 into the Ag-TiO. coating had suppress the presence of Ag phase at low Ag
content on both substrates. More Ag phase related peaks are observed at 5 mol % Ag content.
However, most of the peaks present with low intensity. At Ag content less than 5 mol %, no

Ag related peaks are observed.
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Figure 4.7: GAXRD pattern of TiO. and Ag-TiOz coating with Degussa P25 addition
deposited on ceramic tiles

Besides, the addition of Degussa P25 in Ag-TiO2 coating seems to retard the
formation of Ag phase of the Ag-TiO. coating. This is evidence as the crystalline peaks of
Ag related phases are only identified at higher Ag content > 5 mol %. The addition of
Degussa P25 had interrupted the crystallization of Ag phase at low amount Ag content where
Degussa P25 dominant anatase phase overlapped with Ag phase. Thus, formulation of sol-
gel without the addition of Degussa P25 is more efficient for Ag-TiO2 coating deposition on
ceramic tile surface. The Ag-TiO coating without Degussa P25 was the batch of samples

that were subjected to the photocatalytic test based on the overall characterization analyses.

4.4  Characterization of Ag-TiO2 coating with varied Ag content
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The phase analyses of Ag-TiO- coating on ceramic tiles with varied Ag content (2.5,
5.0 and 7.5 mol % Ag) and the effect of Ag content on the crystalline phase formation of
Ag-TiO2 deposited on unglazed and glazed ceramic tiles were studied in particular. It should
be noted that all the Ag-TiO2 coating subjected to these analyses are deposited without the
Degussa P25 formulation. This was because the incorporation of Degussa P25 in the sol
formulation had restrained the growth of Ag peak and simultaneously formed bigger

crystallite sizes which tend to cause agglomeration to occur.

4.4.1 Crystalline phase analyses

The GAXRD pattern of Ag-TiO2 coating with varied Ag content deposited on
unglazed tile is shown in Figure 4.8. It shows that Ag phases present even at lower Ag
content of 2.5 mol %. More peaks of Ag phases were observed as the Ag content increased
up to 7.5 mol %. The presence of metallic Ag-4H peak are indicate by the presence of peaks
at angle 20 = 32.29° (104), 50.59° (203) and 59.88° (001). The metallic Ag present in
hexagonal structure. While Ag.O presence is identified by crystalline peaks at angle 20 =
54.9° (331). Moreover, a peak of Ag-0 is observed with higher intensity at 7.5 mol % Ag
content which it can be stated that the increase Ag content had promoted more Ag phase
formation. As stated by Kien et al. (2022), the Ag.O existence was due to the amount of
silver that did not react completely but being oxidized under temperature to form Ag20. This
Ag-0 peak will eventually disappear and the absence of oxidized forms in XRD pattern

suggested that the Ag expected to exists in metallic state as suggested by Gong et al. (2012).
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Figure 4.8: GAXRD pattern of TiO. and Ag-TiOz coating with varied Ag content deposited
on unglazed ceramic tiles

The crystallite size of Ag-TiO2 on unglazed tile is shown in Table 4.2. When Ag is
incorporated into the TiO2 coating, rutile phase shows no change in crystallite size even
when increased Ag content. The anatase crystallite size of Ag-TiO; increased with increased
Ag content. This was similar reported by Saraswati et al. (2019) work that found the crystal
size of anatase TiO2 P25 was 20 nm while the size was 39 nm for Ag-TiO2 in her study of
Ag-TiO2 nanocomposites coated on cotton fabric with Ag content of 1, 3 and 5 wt % for
bacterial and fungal disinfection. These explained that increased of Ag at certain amount
will increased anatase crystallite size and fluctuate at the high amount of beyond Ag
required. Ag will function as a trapper for electron if Ag was in an accurate position in the
possible matrix to prevent recombination than its existence being a crystal (Saraswati et al.,
2019). Nevertheless, increased crystallite size is also observed by Vakhrushev et al. (2017)

where the average particle size of anatase, rutile and silver modified titanium (IV) oxide
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increased with increasing of Ag up to 5.0 x 102 and further increased up to 7.5 x 102 had

no effect on the crystallite size.

Table 4.2: Crystallite size of TiO2 and Ag-TiO coating on unglazed ceramic tiles

Crystallite size of Ag-TiO> coating on
Photocatalyst sample unglazed tile (nm)
Anatase Rutile
TiO; 8.6 24.8
2.5 mol % Ag-TiO> 24.3 24.8
5 mol % Ag-TiO> 26.2 24.8
7.5 mol % Ag-TiO> 36.6 24.8

Besides, there is reported work that stated TiO> doped Ag produce smaller crystallite
size than undoped samples. Research published by Aini et al. (2019) on silver doped TiO-
photocatalyst synthesized by sonochemical method stated that the undoped TiO2 having
18.97 nm crystallite size while the Ag doped TiO2 in range of 8-11 nm only. In contrast,
Saraswati et al. (2019) had observed that the anatase crystallite size of Ag/TiO:
nanocomposite coated on fabric footwear was 34 nm while TiO2 P25 was 20 nm. In our
work, the porous surface nature of the unglazed ceramic tile which led the Ag-TiO- sol filling
in the pores during coating. These could contribute to the bigger anatase crystallite size. In
addition, the increase of anatase crystallite size of Ag-TiO2 doped on unglazed tile indicated
that a better crystallinity of the coating. This means that coating defects and dislocations
were decreased with increased Ag content (Demircia et al., 2016).

The FWHM of the samples was influence by the strain, grain size and crystal
imperfections. FWHM for the diffraction plane of (101) at angle 23° < 6 < 27° calculated
from the XRD data is shown in Figure 4.9 respectively. The value of FWHM of TiO, and
Ag-TiO; coating on unglazed tile computed are 0.34, 0.29, 0.59 and 0.39. The value seems
to increase as increase Ag content up to 5 mol % and decreased when reaching 7.5 mol %

Ag.
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Figure 4.9: FWHM of TiOz and Ag-TiO> coated on unglazed tile

The GAXRD pattern of Ag-TiO; coating with varied Ag content deposited on glazed
ceramic tiles is shown in Figure 4.10. The glazed ceramic tile in nature is having a smooth
surface. The GAXRD pattern shows the presence of Ag peak even at low Ag content of 2.5
mol %. The anatase and rutile phase were presence at the same angle as reported in previous
section (4.3.1). The anatase peaks are observed at angle 26 = 25.4° (101), 63.7° (400) and
68.7° (228). Rutile peaks are observed at angle 20 = 27.4° (110), 35.8° (220), 43.5° (112),
54.4° (222) and 57.6° (312). In addition, the presence of brookite phase (JCPDS: 00-029-
1360) is also observed at angle 20 = 39.8° (312), 40.8° (213), 47.6° (024), and 52.9° (044).
The metallic Ag-4H peaks observed at angle 20 = 42.8 ° (104), 48.3° (203) and = 54.9°
(331). Based on the GAXRD patterns, the intensity of Ag related phase peaks for example
the Ag-4H at angle 26 = 54.9° increased as the Ag content up to 5 mol % and decreased at
7.5 mol %. The studied by Cruz et al. (2022) on Ag/TiO. photocatalysts modified
combustion method also revealed the same pattern where increased Ag content from 0.05
mmol to 0.2 mmol increased the intensity of Ag related peaks as well. While, Demircia et
al. (2016) worked on Ag doped TiO> deposited on Si substrates with 0.1, 0.3, 0.5, 0.7 and

0.9 % Ag content stated that the intensities of film peaks decreased when increased Ag
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content. This due to the presence of Ag ions that reduces its crystallinity and the angles of
the diffraction peaks of Ag-TiO> remain unchanged indicated that Ag cannot enter the TiO-

lattice (Wu et al., 2022).

Intensity (a.u)

Angle 26 (°)

Figure 4.10: GAXRD pattern of TiO2 and Ag-TiO2 coating with varied Ag content
deposited on glazed ceramic tiles

Table 4.3 presents anatase and rutile size of Ag-TiO> coating on glazed ceramic tiles
dependant on Ag content. Rutile crystallite size of Ag-TiO. coating had no obvious effect
changed with an increase of Ag content compared to anatase crystallite size. It can be seen
that the size of anatase had a similar pattern as the anatase of Ag-TiO coating on unglazed
ceramic tile. Increased Ag content had increased the anatase crystal size then it decreased
when Ag content was increased to 7.5 mol %. These indicated that the crystallinity of Ag
increased as increased Ag at certain amount and tends to fluctuate when increased Ag more

than required (Demircia et al., 2016).
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Table 4.3: Crystallite size of TiO2 and Ag-TiO coating on glazed ceramic tiles

Crystallite size of Ag-TiO> coating on
Photocatalyst sample glazed tile (nm)
Anatase Rutile
TiO; 8.6 28.9
2.5 mol % Ag-TiO: 10.8 21.7
5 mol % Ag-TiO> 14.5 21.7
7.5 mol % Ag-TiO> 10.8 24.7

A similar pattern of decreased FWHM observed in the Ag-TiO. coating on glazed
tile is shown in Figure 4.11. The Ag-TiO> coating on glazed tile shows that the FWHM
increased till 5 mol % Ag content and decreased with incorporation of 7.5 mol % Ag content.
However, the FWHM values of Ag-TiO> coating on glazed tile were a bit higher compared
to FWHM value of Ag-TiO2 coating on unglazed tile. This indicates that, the Ag-TiO:
coating on glazed tile having smaller anatase crystallite size compared to Ag-TiO> coating
on unglazed tile. The bigger anatase crystal of Ag-TiO; coating on unglazed tile may due to
the agglomeration of Ti sip into the unglazed tile and indicates that the type of surface also
affect the anatase crystallite size. For the TiO2 and Ag-TiO. coating on glazed tiles, the
values of FWHM were 0.98, 0.78, 0.98 and 0.78. Here, the porous surfaces of unglazed tiles
compared to the glazed tiles had caused the coating to fill in the pores instead of forming a
coating layer. Hence, the coating sol tends to accumulate in the pores and caused particles

aggregation.
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Figure 4.11: FWHM of TiO2 and Ag-TiO; coating on glazed tile

4.4.1.1 Effect of Ag content on the crystalline phases

When Ag is added into Ag-TiO2 P25 (section 4.3.1.2) and Ag-TiO>, the presence of
Ag is more obvious in Ag-TiO sol compared to Ag-TiO. P25. Nevertheless, the radius of
Ag* ions was ca. 126 pm and it is much larger than the radius of Ti*" ions, ca. 68 pm
(Ubonchonlakat et al., 2008, Kamrosni et al., 2019). Therefore, when Ag* ions were
introduced using sol gel process, Ag* ions cannot enter into the lattice of TiO, anatase phase.
During the heat treatment, the reduction of Ag™ to Ag® happened due to reduction of AgNOs.
These Ag™ ions then migrate along with anatase grain boundaries to the surface of TiO2 film.
At the same time, anatase TiO> will grow and this caused Ag" ions exist on the surface of
the anatase grains by forming Ag-O-Ti bonds (Kamrosni et al., 2019).

Furthermore, with the addition of Ag, brookite phase of TiO2 coating is no longer
presence and increased of Ag at 2.5 mol % to 7.5 mol % had shown presence of only anatase,
rutile and Ag phase. This was also supported by El-Katoria et al. (2019) on the study of
different Ag concentration doped TiO> film with addition of chitosan where anatase

crystallize was discovered by raising silver contents up to 5 mol% that can confirm the
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spreading of amorphous silver oxide layers through titania crystallite and improving Ag
content (10-20 mol%) favors crystallization of rutile titania and metallic silver particles
which is accompanied by increasing the crystallite size.

The relationship that can be drawn from the XRD data analysis is that increased the
of silver content from 2.5 mol % to 7.5 mol % had led to an increase in the degree of
crystallinity. This is expected to happened due to the transformation of TiO. phase is
accompanied by the process of silver nitrate decomposition (Vakhrushev et al., 2017). In
addition, Silver dopant has been reported to induce the phase transformation at high content
dopant, high temperature, or may depend on the type of precursor and synthesis method
(Aini et al., 2019). Raising silver contents up to 5 mol% had confirmed the spreading of
amorphous silver oxide layers through titania crystallites. The presence of Ag particles on
the titania surface prevents the growth of the crystallite size of titania compared to the
pristine counterpart (Ramchiary et al., 2016). Moreover, anatase crystallite size grows during
heat treatment to the critical size before transformations proceed to anatase-rutile phase

(Zhang and Banfield, 1999, Zhang and Banfield, 2000).

4.4.2 Surface morphology and elemental mapping

SEM micrographs of TiO, and Ag-TiO2 on unglazed ceramic tile are shown in Figure
4.12. The surface morphology shows that TiO2 coating (Figure 4.12 (a)) consists of many
visible mud crack shape layer on the entire surfaces. This finding was similar reported by
Horkavcova et al. (2015), Demircia et al. (2016) and Musa et al. (2017b) where the cracks
are due to the restructuring and relaxation during heat treatment process. This is because the
heat treatment regime of the TiO2 coating during deposition on a substrate is exposed to the

thermal shock which could possible causing the cracks on the surfaces. The thermal shock

95



that lead to the non-uniform and cracked coating hence reduce the coating lucidity and
transparency (Halin et al., 2018).

When Ag is incorporated into TiO> coating, 2.5 mol % Ag-TiO> coating (Figure 4.12
(b)) shows not much differ of TiO, coating surface. The pack of the cracks is seen similar
and this indicated that the small amount of Ag content didn’t contribute to the smooth surface
of the coating. As increased amount of Ag content is added, 5 mol % Ag-TiO- coating shows
uneven small pack of cracks over the surface. While, at 7.5 mol % Ag content, the surface
shows less cracks with wavy look coating layer. Besides, it observed that features of holes
believed as pores on the surfaces which might due to the coating peel off. The addition of
Ag from 2.5 to 7.5 mol % showing small particles spread on the surfaces which were
identified as Ag particles by SEM//EDX discussed later. Increasing ratio of Ag increased the

formation of small particles on surfaces.

(a) TiO2 coating on unglazed tile

(b) 2.5 mol % Ag

(c) 5mol % Ag
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(d) 7.5 mol % Ag

Figure 4.12: SEM of TiO; and Ag-TiO> coating on unglazed ceramic tile

Figure 4.13 depicts TiO, and Ag-TiO2 coating on glazed ceramic tile. The TiO:
coating shows a smooth surface with formation of crack island. As discussed before, the
crack was due to the thermal shock during calcination process (Horkavcova et al., 2015,
Demircia et al., 2016). In a meantime, there were no aggregation displaying on Ag-TiO>
deposited on glazed ceramic tiles suggested that Ag were well dispersed in TiO2 matrix.
These was also deduced by SEM result of research done by Moongraksathuma and Chen
(2018) where the smooth surface with no aggregation is observed proving that Ag
nanoparticles well dispersed in TiO2 matrix. When Ag is incorporated into TiO coating, 2.5
mol % Ag-TiO; coating shows almost similar to TiO2 coating surface but the cracks line
illustrated were less obvious compared to TiO2 coating surface. Addition of 2.5 mol % Ag
appeared smooth surface and less crack with clear white dots distributed well on the coating
surface. As Ag is added at 5 and 7.5 mol %, the coating surface exhibit clear cracks line with
small white dots particles. The existence of Ag particles on the coating surface at higher ratio
of Ag content also demonstrated by Demircia et al. (2016). Eventhough the Ag-TiO> coating
formed crack for all samples, but they appeared to have smooth sandy like surface compare

to Ag-TiO coating on unglazed tile surfaces.
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(d) 7.5 mol % Ag

Figure 4.13: SEM of TiO; and Ag-TiO; coating on glazed ceramic tiles

Based on the observation, it can be revealed that the surface structure of Ag-TiO>
coating formed cracks over the entire surfaces. In contrast, the TiO, coating without silver
deposited on unglazed and glazed ceramic tile shows mostly propagation of isolated cracks.
Also, the surface morphology of Ag-TiO- coating on unglazed tiles are having a larger wide
gap of cracks propagated along the surfaces compared to the surface morphology of Ag-
TiO2 coating on the glazed tile. These is because Zhang et al. (2022c) reported that Ag

facilitated TiO, to form dense coating on glazed substrate surface. That small particles
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distributed on the surfaces of Ag-TiO> coating on unglazed tiles were seen at high Ag content
of 7.5 mol % (Figure 4.13 (d)). In contrast, the small particles spread on surface of Ag-TiO>
coating of glazed tiles were clearly seen even at low amount of Ag content (Figure 4.13 (b)).
These indicated that TiO2 nanoparticles uniformly distributed on the surface. Behpour et al.
(2010) study on the Ag-TiO2 nanoparticles deposited on Ti sheet for the water pollution
degradation using electrochemical method reported that Ag gave no influence on the size of
TiO> particles (< 200 nm) where similar particles size of TiO. observed on the Ag-TiO:
coating surface.

Both Ag-TiO; coating on unglazed and glazed tiles demonstrated cracks propagated
along the entire surfaces. However, Ag-TiO> coating with 7.5 mol % Ag (Figure 4.13 (d))
deposited on unglazed tile demonstrated small holes on the surface which can be identified
as porous structure accompanying with crack on the surface. The presence of Ag at
appropriate amount at TiO; interface improved the structural and textural properties of titania
which gave a more mesoporous T1O, matrix that will then lead to create more active sites
for photocatalysis (Cherif et al., 2023).

The elemental mapping of SEM/EDX analysis on the surface of Ag-TiO2 coating on
ceramic tiles were both done on the Ag-TiO2 coating with varied Ag content deposited on
unglazed and glazed ceramic tiles. Basically, when Ag is incorporated into TiO, it is
expected that metallic Ag tend to present on the surface of the coating (Zheng et al., 2019).
Therefore, EDX mapping analysis on both unglazed and glazed was aim to analyse the
presence of Ti, O and Ag which is deducing the formation of Ag-TiO, composites of the
coating layer.

The EDX mapping of Ag-TiO> coating with varied Ag content deposited on unglazed
tile in Table 4.4 illustrated that the Ti, O and Ag particles were present on the surface,

dispersed and distributed well on the entire coating. The spectrums in the figure have clear
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peaks at 0.5 keV, 4.5 keV, and 4.9 keV that belongs to titanium element, and a peak at around
0.6 keV that designated to oxygen element. These peaks indicated the growth of TiO:
nanoparticle in the coating layer (Al-Harbi et al., 2011). When varied Ag content is
introduced into the Ag-TiO2 coating on unglazed tiles, Ag peak is observed at 3 keV and 2.7
keV with low peak intensity. The spectrum also shows the strong peak of Au at 2 keV which
it was from the sputter coater during sample preparation for analysis. The uniform
distribution of Ag on TiO, surface has also been reported by Ling et al. (2019) that
investigated upon the photocatalytic performance of Ag-TiO>. In the report, the uniform Ag
nanoparticles that uniformly distributed on TiO2 surface had Ag nanoparticle was closely
combined with TiO; with lattice fringes of spacing of anatase-type TiO- is 0.352 nm and Ag
is 0.197 nm.

However, it was observed that Ag is not detected in the spectrum for all Ag-TiO>
coating on unglazed tile. The porous surface of unglazed tile had caused the coating to sip
through the porous surfaces and no continuous coating layer was observed. Hence, Ag
percent is not revealed in the spectrum analysis accurately. Increased Ag content at 5.0 and
7.5 mol % shows more Ag particles presence on the surface where this was due to the Ag
atoms become coordinated to the oxygen atoms on the anatase crystallites. As seen, the
particles of Ag, Tiand O were surrounded by each other. The presence of Ag atoms always
favors the adsorption places near the surface of oxygen atoms over binding with surface
metal cations. In Ag-TiO2 composite, the Ag: lies over one Ti(5c¢) atom parallel to the surface
along the anatase (010) direction (Mazheika et al., 2011).Thus, phase transformation become

highly favorable (Vakhrushev et al., 2017).
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Table 4.4: SEM/EDX elemental mapping of TiO2and Ag-TiO2 coating with varied Ag
content deposited on unglazed tile

SEM/EDX Spectra

Mapping
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TIKat DEm

Element Weight (%)

OK 73.72
TiK 26.28
Totals 100
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Ag L 0.00
Totals 100
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EDX and mapping analysis of TiO; and Ag-TiO2 coating with varied Ag content
deposited on glazed ceramic tiles are shown in Table 4.5. The EDX spectrum shows that Ti,

O and Ag particles were present on the surface of tiles coated with Ag-TiO2. The peaks of
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Ti, O and Ag were observed indicates the formation of Ag-TiO2 composites on coating
surfaces. The EDX spectrum shows peaks at 0.5 keV, 4.5 keV, and 4.9 keV that indicate the
presence of titanium element and a peak of 0.6 keV belong to oxygen element. The spectrum
of Ag-TiO, coating on glazed tiles also shows presence of weak peak of Ag element at 3
keV and 2.7 keV. The strong peak of Au at 2 keV also detected which it was from the gold
coating in sputter coater during sample preparation for analysis.

The weight percent of Ag measured for 2.5, 5 and 7.5 mol % Ag- TiO2 were 0 %,
5.26 % and 3.54 % respectively. The weight percent of Ag at low content is not able to be
measured by the EDX analysis. As similar to Ag-TiO> coating on unglazed ceramic tile, the
Ag particles of Ag-TiO, coating on glazed tiles also uniformly distributed on the coating
surfaces. Mazheika et al. (2011) study on the absorption of Ag clusters on the anatase TiO>
(100) surface and revealed that Ag. overlapping with a Ti (5¢) d orbital. Hence, this is
correlated to our SEM/EDX mapping result where the particles of Ag, O and Ti particles

were attached and even overlapped to each other.
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Table 4.5: SEM/EDX elemental mapping of TiO2 and Ag-TiO2 coating on glazed tile

SEM/EDX spectra
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Element Weight (%)
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4.4.2.1 Effect of Ag content on the surface morphology and elemental distribution

The elemental surface mapping for Ag-TiO> coating both on unglazed and glazed
tiles were dispersed and distributed well on the surfaces. The EDX mapping on coating
surface detected the compositional zonation of elements that confirmed the presence of Ti,
O and Ag elements on the entire coating surfaces. In comparison, the amount of Ag in wt %
of Ag-TiO> coating deposited glazed ceramic tiles were measured by the value of SEM/EDX
spectra. For the Ag-TiO coating on the unglazed, the SEM/EDX spectrum shows no wt. %
of Ag measured. These can be due to the surface roughness of the substrates itself where
unglazed tiles having higher surface roughness compared to glazed tile where the porous

surface of unglazed tend to cause the Ag-TiO> coating to sip through the surfaces.

4.4.3 Cross sectional and elemental mapping

Literally, it has been known that the Ag will present on the surface of the coating
because of the large radius of Ag atom which cannot enter the lattice Ti. The cross section
of TiO2 and Ag-TiO> coating deposited on unglazed and glazed ceramic tile is examined to
study the thickness of the coating deposited and the incorporation of Ag within the coating
layer.

The TiO2 and Ag-TiO- coating on unglazed ceramic tile with varied Ag content cross
section micrograph are shown in Figure 4.14. It was observed that TiO2 and Ag-TiO> coating
on unglazed tile has no distinguished layer of coating and the substrate for each of the
samples. This could be due to the unglazed tile surface which having a roughness of 4.46 £
0.02 um and porous structure tends to absorb the sols causing the coating to fill in the pores
of unglazed ceramic tile and cover up the surface. Therefore, the Ag-TiO. coating layer
cannot be differentiated with the substrate. Hence, thickness of the Ag-TiO; coating layer

deposited on the unglazed tiles was unidentified. The measurement of the coating thickness
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was unable to determine. During the dip coating process, the Ag-TiO: sol sip through the
unglazed ceramic tiles hence the presence of Ti, O and Ag element within the layer is
expected. This is visible with the presence of Ag detected at 2.5, 5.0 and 7.5 mol % Ag.
Apparently the high porosity of unglazed ceramic tile (34%) contributed to the diffusion of
the sol into the substrate. The elements such as silicon (Si), calcium (Ca), aluminium (Al)
and sodium (Na) also detected since those elements are parts of the unglazed ceramic tiles.
Other elements such as gold (Au), palladium (Pd) and carbon (C) probably comes from the
preparation sample for SEM/EDX testing. Since, the Ag-TiO sol tend to sip into the
substrate, the layer of Ag-TiO> coating of unglazed tiles were unable to be determine. Thus,

the Ag-TiO> coating thickness for the unglazed tiles was unidentified.

Element Weight %
C 20.6
@) 12.4
Al 3.2
Si 10.7
Ca 3.7
- | Ti 35
Au 45.8

(a) TiO2 coating deposited on unglazed tile

Element Weight %

(0] 18.2

Al 4.2

Si 21.5

Ca 7.1

& Ti 6.9

3 A i._v: o Ag 5.0
- o LSRR Au 37.0

(b) Ag-TiO2 coating with 2.5 mol % Ag content depsited on unglazed tile
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Element  Weight %
C 17.0
o] 11.3
Al 1.1
Si 15.3
Ti 6.5
Pd 6.9
Ag 1.0
Au 40.8

(c) Ag-TiO- coating with 5.0 mol % Ag content deposited on unglazed tile

Element  Weight %
(@] 15.6
Al 3.6
Si 16.2
Ca 3.9
Ti 4.0
Pd 10.2
Ag 0.0
Au 46.4

(d) ) Ag-TiO- coating with 7.5 mol % Ag content deposited on unglazed tile
Figure 4.14: SEM/EDX on the cross-section of (a) TiO2 and Ag-TiO> coating at (b) 2.5

mol % Ag, (c) 5.0 mol % Ag and (d) 7.5 motlilogo Ag content deposited on unglazed ceramic

On the other hand, the cross section of TiO2 and Ag-TiO2 coated glazed ceramic tiles
in Figure 4.15 shows the presence of coating layer on top of the substrate. Here, sample of
coated with only TiO> coating without incorporation of Ag (Figure 4.18 (a)) is having a thin
layer with thickness around 1.07 + 0.725 pum. The thickness of the coating increased when
2.5., 5.0 and 7.5 mol % of Ag incorporated into the Ag-TiO; coating. The Ag-TiO> coating
thickness average measured 9.12 + 3.04, 14.3 + 1.2 and 5.26 £ 1.58 um for 2.5, 5.0 and 7.5
mol % Ag content. Here, the thickness of Ag-TiO: coating layer increased up to 5 mol % Ag
content and decreased when Ag content was 7.5 mol %. It was noticed that the sample of

Ag-TiO: coating illustrated a fractured of cross section happened due the increased

roughness of surface increased as increased Ag content reported by Liagat et al. (2020)
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where the increased of Ag doping increased the roughness and the aggregation of tiny
particles at some points that contributed in the increase in the roughness parameters. In
addition, during the grinding process at the end of the samples surface to eliminate the
coating layer for the cross section view. It was also observed that the Ag-TiO. coating
produced uneven layer because during the coating process each layer of coating must be dry
first before proceed to the next coating layer until 5 dipping layer. Hence, it is normal that

the cross section morphology illustrated uneven Ag-TiO> coating layer.

(c) 5.0 mol % Ag (d) 7.5 mol % Ag

Figure 4.15: Cross section morphology of (a) TiO2 and Ag-TiO; coating at (b)
2.5 mol % Ag, (c) 5.0 mol % Ag and (d) 7.5 mol % Ag content deposited on
glazed ceramic tile
As stated that, the element of ceramic tiles and sandpaper used for grinding during

FESEM/EDX sample preparation were detected such as composed of silicon (Si), calcium

(Ca), aluminium (Al) and sodium (Na), gold (Au), palladium (Pd), carbon (C) and oxygen
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(O). Due to the nature of smooth surface glazed ceramic tiles, Ag-TiO> didn’t get to sip into
the substrate and Ti, O and Ag element were bonded within the layer. It observed that the
incorporation of high amount of Ag content produced high amount of Ag wt % in the coating
layer. It can be seen that the layer consists of small particles particularly Ti and Ag within
the coating layer. Figure 4.16 demonstrated the cross section morphology and EDX layer of

TiO2and Ag-TiO; coating deposited on glazed ceramic tile.

(a) TiO2 coating on glazed tile

(b) Ag-TiO2 coating with 2.5 mol % Ag content deposited on glazed tile
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(d) Ag-TiO2 coating with 7.5 mol % Ag content deposited on glazed tile

Figure 4.16: SEM/EDX on the cross-section of (a) TiO, and Ag-TiO; coating at (b)
2.5mol % Ag, (c) 5.0 mol % Ag and (d) 7.5 mol % Ag content deposited
on glazed ceramic tile

4.4.3.1 Effect of Ag content on the cross section microstructure

Since the Ag-TiO; coating on the unglazed ceramic tiles tends to sip into the
substrate, the coating layer between substrate cause the thickness of Ag-TiO, coating on
unglazed ceramic tiles cannot identified but it was detected the presence of Ti, O and Ag in
the layer of coating substrate. While, the thickness of Ag-TiO2 coating on the glazed ceramic
tiles measured well and the thickness increased up to 5.0 mol % Ag content and fluctuate
when increased Ag content to 7.5 mol %. Here, the surface gave major effect on determined
the existence of coating layer and surface roughness contributed to the adhesion of the
coating on the surface (Fattah et al., 2016). Therefore, it found that the Ag-TiO2 coating

with cracks on unglazed tile adhere well because it tends to diffuse into the substrate. The
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Ag-TiO> coating on glazed ceramic tiles having thickness and can be peel off easily due to

the nature of glazed ceramic tiles.

45  Effect of Ag content on the photocatalytic performances of Ag-TiO coated on
ceramic tiles

The photocatalytic activity measured using Methylene blue dye degradation as
immersion solution of Ag-TiO> coating with varied Ag content were exposed under Ultra-
violet (UV) and visible light spectrum. Generally, the photocatalytic initiate by exciting the
ground state silver through the photon transition to the singlet excited state (Cruz et al.,

2022).

4.5.1 Photocatalytic activity under UV light

The specific photocatalytic activity (Pme) and photonic efficiency ({vg) of unglazed
ceramic tiles exposed under UV light radiation are displayed in Figure 4.17 and 4.18
respectively. The photocatalytic activity of TiO2, 2.5, 5.0 and 7.5 mol % Ag-TiO> coating
on unglazed tile under UV light irradiation was 4.53 x1075, 5.56 x 10, 4.73 x 10 and 4.78
x 105 mol/m?h respectively. While, the photonic efficiency measured was 3.64 X10°, 4.47
x10®, 3.8 x10°, and 3.84 x10° %. It is found that the photocatalytic performances decreased
with increased Ag content from 2.5 to 7.5 mol %. The unglazed tiles coated TiO, without
Ag addition present the highest photocatalytic activity when exposed under UV light. While,
when adding Ag content, 2.5 mol % Ag shows the highest photocatalytic compared to 5.0
and 7.5 mol % Ag that is 5.56 x 10 mol/m?h. The higher photocatalytic of Ag-TiO2 coating
with 2.5 mol % Ag content was due to the presence of brookite phase in the coating where
stated by Freyria et al. (2020) the brookite mix phase of TiO, has been found to be
responsible of a superior activity under solar light, especially when dye-sensitizing effects

occur. The present findings revealed that the photocatalytic performances of Ag-TiO:
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coating on unglazed tile is lower compared to the performance of TiO coating under UV
light exposure. The photocatalytic activity of Ag-TiO2 coated unglazed tile under UV light

gave no significant effect with increasing Ag content.
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Figure 4.17: Photocatalytic activity of Ag-TiO> coating on unglazed tile exposed under
UV light irradiation
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Figure 4.18: Photonic efficiency of Ag-TiO. coating on unglazed tile exposed under UV
light irradiation
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The graph bar in Figure 4.19 and 4.20 depict the photocatalytic activity and photonic
efficiency of TiO2 and Ag-TiO: coating on glazed ceramic tile under UV light irradiation
respectively. Based on the graph, it is observed that the photocatalytic activity of Ag-TiO>
coating on glazed tile at 2.5 mol % Ag content exhibited the lowest photocatalytic activity.
This was due to the presence of less anatase crystalline phase shown before in Figure 4.10
(section 4.4.1). Anatase activated the photocatalytic reaction to occurred however, small
amount of anatase phase gave no significant effect on photocatalytic activity. The TiO:
coating on glazed tile however shows higher photocatalytic activity compared to Ag-TiO:
coating with 2.5 mol % Ag content. The presence of more brookite phase aided the
photocatalytic activity where the Zerjav et al. (2022) stated that the photogenerated electron
in brookite was trapped at defects and led to decreased the number of free electron. Hence,
it extended the lifetime of photogenerated electron and hole. The possibility of electron to
encounter holes will then decrease. As increased more than 5.0 mol % Ag content, the
photocatalytic activity decreased gradually. When exposed under UV irradiation,
photocatalytic performances increased as increased Ag content till 5 mol % with the value
of 4.19 x 10° mol/m?h photocatalytic activity and 3.37 x10° % photonic efficiency.
Increased Ag content up to 7.5 mol %, the photocatalytic activity measure decreased which
is 3.86 x 10® mol/m?h and photonic efficiency is 3.10 x 10 %. This was due to the high
amount of Ag content caused agglomeration of Ag on TiO; surface that contributed to the
less surface area of Ag exposed. The high amount of Ag covering the TiO; surface limits the
amount of light. Hence, the electron-hole pairs tend to recombined and and photocatalytic

activity decreased gradually (Razak et al., 2020).
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Figure 4.19: Photocatalytic activity of Ag-TiO> coating on glazed tile exposed under UV
light irradiation
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Figure 4.20: Photonic efficiency of Ag-TiO> coating on glazed tile exposed under UV light
irradiation

Kien et al. (2022) explained that when Ag-TiO2 exposed under UV light irradiation,
the electrons beneath the Fermi level Ag will excited to the surface plasmon states and

leaving behind the positive charge (h*) below Fermi level energy, E+. The electrons from Ag
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on the surface of TiO, then excited to conduction band of TiO; as electron acceptor and
forming superoxide anion radicals (‘O%). The formation of superoxide radical (‘O?)
followed with protonation that yields to the formation of "HO. radicals which associated

with trapped electrons producing H20- and at the end forming "OH radicals.

4.5.2 Photocatalytic activity under visible light

Figure 4.21 and 4.22 show the photocatalytic activity and photonic efficiency of Ag-
TiO2 coating on unglazed tile exposed under visible light irradiation. It is found that the Ag-
TiO> coating on unglazed tile exposed under visible light irradiation increased as increased
Ag content from 2.5 mol % to 5 mol% and decrease when Ag content was 7.5 mol %. The
photocatalytic activity of TiO2 and Ag-TiOz coating on unglazed tile exposed under visible
light were 5.05 x 10°, 4.49 x107, 8.06 x 10° and 5.44 x10° mol/m?h with photonic
efficiency of 1.27 x 10, 1.13 x 107, and 2.03 x10® and 1.37 x10° % for 2.5, 5 and 7.5 mol
%. Here, the photocatalytic activity increased .On contrary, the photocatalytic activity of

Ag-TiO- coated on unglazed tile under visible light had a higher value at 5 mol %.
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Figure 4.21: Photocatalytic activity of Ag-TiO2 coating on unglazed tile exposed under
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Figure 4.22: Photonic efficiency of Ag-TiOz coating on unglazed tile exposed under visible

light irradiation

The photocatalytic activity and photonic efficiency of Ag-TiO2 coating deposited on

glazed tile exposed under visible light shown in Figure 4.23 and 4.24. When exposed under

visible light irradiation, the photocatalytic increased up to 5 mol % and decreased when Ag

content reach 7.5 mol %. The value of photocatalytic performance of 5 mol % Ag exposed

under visible light was 3.14 x 10 mol/m?h and 7.89 x 107 % photonic efficiency. The
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photocatalytic activity of Ag-TiO. coating on glazed tiles decreased with increased Ag
content more than 5 mol %. This was due to the presence of more peak of Ag-4H crystal
which shown by XRD result before. Silver favourable in reducing the band gap by creating
traps between the conduction and valence bands (Kien et al., 2022). However, excessive
amount of silver used will reduce the photocatalytic performance as being studied by
Komaraiah et al. (2020) that the degradation efficiencies increase with an increase in Ag*
doping concentration reached a maximum at 5%Ag and then decreased at higher
concentrations of Ag for the decomposition of dye under visible light illumination. Thus,
when 7.5 mol % Ag content incorporated, the photocatalytic activity of Ag-TiO> tends to

decrease.
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Figure 4.23: Photocatalytic activity of Ag-TiO- coating on glazed tile exposed under
visible light irradiation
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Figure 4.24: Photonic efficiency of Ag-TiO> coating on glazed tile exposed under visible
light irradiation

4.5.3 The influence of Ag content on the photocatalytic performances of Ag-TiO>
coated ceramic tiles

The photocatalytic performance generally depends on the surface properties; as
surface area increase, the number of the active sites also increases. High surface area gives
better photocatalytic efficiency (Suwarnkar et al., 2013). Table 4.6 shows the characteristics
of the coating that give influenced to the photocatalytic performance of Ag-TiO. coating
deposited on unglazed and glazed. The photocatalytic performances, Ag content, crystalline
phase, crystalline size, surface morphology, cross section and elemental mapping obtained

from the study is also summarized in Table 4.6.
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Table 4.6: The characterization of Ag-TiOzcoating on ceramic tiles that influences the

photocatalytic performances

Unglazed tile Glazed tile
. -6 . %
Performances 2.5 mol % UV: 5.56 x 10 UV:4.19x10
2
(mol/m*h) 5 mol % visible: 8.06 x 10° Visible : 3.14 x 10°
0 .
Ag content 2.5 mol % under UV light 5 mol % both under UV and visible
0 .
(mol %) 5 mol % under visible light light
2.5 mol %: anatase, rutile, brookite and
Crystalline Ag Anatase, rutile, small brookite and Ag
phase phase
5.0 mol %: anatase, rutile and Ag
Crystallite 25 mol %: 24.3
size (nm) ' N | 145
5.0 mol %: 26.3
Surface
morphology Nl

2.5 mol % 5.0 mol %

Cross section

v Yo

J =Y 3

.5 mol

5 mol %

Elemental
mapping

LR

2.5 mol %

5.0 m-ol %
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Ag-TiO> coating on unglazed ceramic tiles exposed under UV found that 2.5 mol %
Ag content exhibited the highest photocatalytic while the photocatalytic of glazed tile under
UV was highest at 5 mol % Ag content. These can be related to the anatase crystallite size
of 2.5 mol % Ag content was 24.3 nm for Ag-TiOz coating on the unglazed tile ceramic. The
size of the anatase belong to 2.5 mol % of unglazed ceramic tiles was the smallest compared
to anatase crystallite size of 5 mol % and 7.5 mol % Ag. The Ag-TiO> coating on unglazed
tile exposed to UV light (spectrum of light <340 nm) had highest photocatalytic activity at
low amount of Ag can be explained by the small amount of Ag is enough for the Ag-TiO>
coating on unglazed tile to degrade the pollutant. In addition, the presence of balance Ag.O
and Ag metallic for 2.5 mol % Ag was positively reacts on UV light exposure. As known
that Ti generally active in UV light irradiation and in this case when increase amount of Ag
content, the amount of Ti shown decreased. Hence, at 2.5 mol % Ag content, the amount of
Ti measured by EDX cross section had high value and when exposed to UV light, the Ag-
TiO2 coating with 2.5 mol % Ag having high photocatalytic activity. The Ag ions within 2.5
mol % Ag-TiO2 layer assisted in degrading the MB well as UV light nature in penetrating
surface of the substrate. This can be explained by fewer cracks coating layer with pores
display by SEM. The presence of pores on the surfaces also aid in better photocatalytic
activity.

When exposed to visible light irradiation the Ag-TiO; coating on unglazed tile at 5
mol % Ag content tends to actively react compared to 2.5 and 7.5 mol % Ag content. The
Ag presence in between the coating layer shown by the EDX cross section in form of Ag ion
was around 1 wt % and it can be assumed that most of the Ag has been diffuse into the
coating surface and actively response to visible light irradiation as visible light tends to
penetrate into the coting layer of the substrate. Therefore, 5 mol % Ag-TiO; coating surface

had the highest photocatalytic activity exposed under visible light exposure.
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Nevertheless, the highest photocatalytic of Ag-TiO> coating on the glazed tiles was
at 5 mol % Ag content. Even though the anatase crystallite size of 5 mol % Ag content was
not the smallest one but the anatase crystallite size was not much differ compared to 2.5 mol
% and 7.5 mol % Ag content and it has remarkably aiding in enhancing photocatalytic
performances. The photocatalytic performances of Ag-TiO- coating on glazed tiles exposed
both under UV and visible light increased as increased Ag up to 5 mol % then decrease when
Ag was up to 7.5 mol %. As being stated from the crystallite size calculated using Scherer
equation and FWHM result before, 5 mol % had 14.5 nm with highest FHWM value. The
tendency of photocatalytic performances drops as increased Ag loading beyond 5 mol %
could be attributed to the decrease concentration of photo-generated charge carriers such as
holes and excited electrons. Higher loading of Ag may cover the TiO2 surface which then
limit the intensity of light irradiated and Ag may become recombination centers by reducing
the amount of holes and excited electrons (Razak et al., 2020). In the other hand, the present
of Ag° clusters on TiO2 surface contributed to the improvement of visible light harvesting
(Lidiaine et al., 2015). Cruz et al. (2022) mentioned that existence of Ag can retard the
recombination reaction that happened after excitation of the semiconductor with UV light
increasing the rate of reductive photo-processes. Instead, Ag on the surface TiO has effect
controversial upon the oxidation of organic compounds. This is because the photocatalyst
surface itself can strongly modified by silver deposition and cause an intrinsic decrease in
photocatalytic activity (Dozzi et al., 2009).

It can be observed that there was no linear relation of the photocatalyst ability with
the content of Ag in TiO similarly stated by Cruz et al. (2022) in the studied of Ag-TiO:
composite in degradation of methylene blue. The present findings revealed that as for the
unglazed tile, the photocatalytic performances of Ag addition in TiO2 coating didn’t

improved under UV light but tend to improve a bit under visible irradiation. Yet the TiO-
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coating alone having highest photocatalytic performances under UV light exposure that is
4.53 x 10°° mol/m2h compare to coating with Ag addition that are 5.56 x10®, 4.73 x 10® and
4.78 x 10 mol/m?h for 2.5, 5.0 and 7.5 mol % Ag content. As for the unglazed surfaces,
the porous surface structure supposed aiding photocatalytic performances. However, under
UV light the addition of Ag tends to lower the photocatalytic performances. It defined that
the photocatalytic activity of Ag-TiO2 coated unglazed tile under UV light gave no
significant effect with increasing Ag content. The case was supported by Ying et al. (2016)
which stated that apparently the doped Ag into TiO2 cannot increase the photocatalytic
activity under UV light, instead it can increase the photocatalytic activity greatly under
visible light irradiation because of effective electron-hole separation. This may due to the
distribution of Ag and surface area exposed to the light illumination that influenced the

different photocatalytic activity of the unglazed ceramic tile.

Furthermore, at 5 mol % Ag content of Ag-TiOz coating, the anatase crystallite size
is the major contribute to the better photocatalytic activity by reduce the coating defects and
dislocations surface. Anexcessive amount of metallic Ag may likely obstruct UV or visible
light from interacting with TiO. where the fast recombination rate of electron-holes pair
happened (Tijani et al., 2017). Enhanced photocatalytic activity may due to the addition of
metallic Ag particles and slight increases in catalyst surface area after deposition of Ag
particles. Reduction of photocatalytic activity with high increased Ag could be linked to the
high coverage of TiO surface with Ag as evident in SEM/EDX causing catalyst casing thus
preventing light irradiation of the catalyst surface. Higher amount of Ag on the TiO> surface
may constitute a barrier for the dye to contact the surface and act as recombination center
for most photogenerated holes, thereby inhibiting the interaction between TiO2 and MB.
Excessive Ag often enlarges the diffusional distance which would affect the formation and

interaction of hydroxyl radicals and subsequently decreases all photocatalytic activities.
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Instead, the crack coarse sandy like surface accompany with pores and Ag particles
dispersed on the coating surface ascribed that 5 mol % Ag addition having the better
photocatalytic performances under visible light irradiation. Besides, the small anatase
crystallite size of 5 mol % Ag-TiO- coating on unglazed tiles which is 26.2 nm supported by
higher value of FHWM had contributed to the better photocatalytic performances under
visible region. Instead of that, the better photocatalytic performances of 5 mol % Ag-TiO:
coated on glazed tile can be related to its active crystallite that distribute well on the coating
surface. Besides, the surface morphology and elemental mapping demonstrated that the
crack with presence of small Ag particles dispersed well on the surface had contributed to
the better photocatalytic performances. As mentioned before, beyond the required Ag
content needed for Ag-TiO2 coating on ceramic tiles, there were decrease concentration of
photo generated charge carriers such as holes and excited electrons happened. Higher
loading of Ag may cover the TiO2 surface which then limit the intensity of light irradiated
and Ag may become recombination centers by reducing the amount of holes and excited
electrons (Razak et al., 2020). Exceeding Ag beyond the required amount needed can cause

a fast rate of electron-hole pair recombination to happen.

The thickness of the coating also plays an important role to define the effectiveness
of the photocatalytic performances where as seen that 5 mol % of Ag content for Ag-TiO>
coating deposited on glazed tiles greatly enhanced photocatalytic performances. On the other
hand, the value of photocatalytic activity measured for the unglazed was higher compared to
the photocatalytic activity of the glazed tiles. This was supported by Zhang et al. (2022c)
that the rough surfaces attributed to the greater available surface which helps in increases

the photocatalytic reaction rate.

Based on the evaluation on the performance of Ag-TiO> coating at varied content on

unglazed and glazed ceramic tile, it is deduced that by adding Ag incorporated into TiO: sol,
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the Ag-TiO. nanocomposite coating form TiO2 crystallite with Ag presence on the TiO:
surface. The Ti, O and Ag are bind together within the nanocomposite coating. As been
mentioned, the radius of Ag is greater than the lattice of Ti which it cannot enter the lattice
TiO2. Hence, most of the Ag existed on the TiO; surface. Figure 4.25 shows the schematic
diagram of Ag-TiO2 coating deposited on unglazed ceramic tile. The Ag-TiO> coating on
unglazed tiles sip into the unglazed surfaces due to the porous nature of unglazed tile surfaces
and some of the Ag embedded in the pore. Thus, the thickness of the Ag-TiO> coating layer
was unidenfified. While, Figure 4.26 shows the schematic diagram of Ag-TiO coating
deposited on glazed ceramic tile. The Ag-TiOz coating on glazed tile contributed to a certain
layer of coating thickness since the glazed tiles having smooth surface without pores. Most
of the Ag has been successfully presence on the surface of TiO2 which effective for

photocatalytic properties.
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Figure 4.25: Schematic diagram of Ag-TiO2 coating deposited on unglazed ceramic tile
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(@) 2.5 mol % Ag (b) 5.0 mol % Ag (c) 7.5 mol % Ag

Figure 4.26: Schematic diagram of Ag-TiO> coating deposited on glazed ceramic tile
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

51  Conclusions
Thus, from all the findings and discussion of Ag-TiO> coating on ceramic tiles, the
conclusion can be drawn as follows;

1. Ag-TiO:z incorporated Degussa P25 had interrupted crystallization of the coating and
Degussa P25 prevents the growth of Ag peak that actually overlapped with anatase
phase. Since Degussa P25 made up of almost 70 % anatase hence detection of anatase
was very strong instead of Ag phase. Due to this, more anatase phase presence in Ag-
TiO2 P25 compared to Ag-TiO- coating. Therefore, Ag-TiO, P25 retards the growth
of Ag peak and Degussa P25 form of bigger anatase crystallite size. In contrast, Ag-
TiO> coated without Degussa on unglazed and glazed tiles shows presence of anatase,
rutile, brookite, Ag.O and Ag metallic respectively. The coating inhibited a better
crystallinity. The unglazed tile that has porous structure causes Ag-TiO- to sip by
filling in the pores of the unglazed tile surface. Therefore, the peak intensity of Ag-
TiO2 coating on unglazed tile was lower than Ag-TiO; coated on glazed tiles.
Incorporation of Ag increased anatase crystallite size with increasing Ag content. At
a point, the anatase size decrease at 7.5 mol % Ag content. These supported by
FWHM data where the highest value belongs to 5 mol % Ag and drop drastically at
7.5 mol % Ag content. Ag-TiO> coating on glazed tile had smaller anatase size
compared to Ag-TiO> coating on unglazed tile which calculated by Scherer equation

and supported by FWHM correspondingly.

127



2. The surface morphology of Ag-TiO> coating on unglazed tiles consisted of many
visible mud crack shape layer on the entire surfaces. Meanwhile, as for the Ag-TiO:
coating on glazed tile, there is crack exist, however no aggregation displayed. Both
Ag-TiO> coating on unglazed and glazed tile showing small particles spread on the
surfaces which were identified as Ag particles and spread evenly revealed by EDX
mapping analysis. The element of Ti, O and Ag were well observed by EDX
mapping analysis which distributed on the coating surface.

3. The photocatalytic performance of Ag-TiO2 coating on unglazed tile under UV light
irradiation decreased as increased Ag content from 2.5 to 7.5 mol %. But when
exposed under visible light irradiation the photocatalytic performances increased up
to 5 mol % Ag and drop when reaching 7.5 mol % Ag. For the unglazed tile, the
photocatalytic performances of Ag-TIO> coating didn’t improved under UV light but
tend to improve a bit under visible irradiation. It can be deduces that for the unglazed
tile, the existence of pores and Ti particle were already enough to degrade the
pollutant under UV light irradiation. The Ag addition is needed if it involved visible
light irradiation. Photocatalytic performances of Ag-TiO> coating on the glazed tile
whereby improved at both UV and visible light irradiation mostly at 5 mol % Ag
content.

In conclusion, Ag addition into TiO» coating deposited on ceramic substrate is to be
conducted without the use of Degussa P25 addition. Moreover, the deposition is influenced
by the type of the ceramic surface and the amount of Ag addition is dependent on the type
of photocatalythic reaction needed either in the UV region or at visible region. For a
common unglazed and glazed ceramic substrate, the Addition of 5 mol %Ag had shown

improved performance of photocatalythic reaction for visible light application.
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5.2  Recommendations

Based on the finding drawn from this current study, it is necessary to make some
essential improvement for the fabrication of future ceramic tiles that can provide
photocatalytic properties which importance to generate self-cleaning antimicrobial ceramic
tile. Therefore, some of the suggestion includes:

I.  The purpose of Ag-TiO> coating in this study was to produce good photocatalytic
properties ceramic tiles that led to antimicrobial tiles. Hence, for that more test should
be done such as such as water contact angle for the wettability performances to
determine the hydrophilicity of the coating surface and standard antimicrobial for
qualitative and quantitave study.

ii.  Since the ceramic is use in variety of indoor and outdoor areas, the weathering test
should be in consideration to ensure the coating can stand for such various weather
conditions.

iii.  Use of TEM to characterize the crystal formation with high resolution, BET for the
determination of surface area, and XPS to analyze the sample surface, composition
and binding state is also recommended.

Since ceramic tiles were used in multipurpose application including inside and
outside use application whether in big or small industrial area, the works on Ag-TiO2 need
to be explore and expand alongside with the nowadays situation where the important self-
cleaning surface is essential due to the spread of contagious virus recently such as Covid-19
viruses among people. Ceramic material needs researcher attention and focus since it used
mostly for household utensil and highly potential to the breeding of bacterial. Instead of
coating for the purpose of beautiful decoration, a future design need to concern about a

creative development of surface coating with a healthy and safe besides an attractive value.
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Thus, clear and thorough works in detail for application purposes need to be study to ensure

a healthy future.
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APPENDIX A

XRD of Pre-calcined Degussa P25 nanoparticles at for 1 hour at constant heatig rate of
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