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ABSTRACT 

MICROPOROUS VANADOSILICATE AM-6 FILMS FOR 

PHOTOCATALYTIC APPLICATIONS 

Kuzyaka, Duygu 

Doctor of Philosophy, Micro and Nanotechnology 

Supervisor: Prof. Dr. Burcu Akata Kurç 

Co-Supervisor: Prof. Dr. Ahmet Macit Özenbaş 

November 2019, 174 pages 

There is an increasing attention on the photocatalysis experimentations providing 

removal of organic contaminants from water under visible and UV radiation. The 

role of semiconductor materials as photocatalysts is to degrade highly toxic 

pollutants. Pore regularity, control of defects, and the presence of stoichiometric 

amounts of vanadium in the silicate framework allows one to create alternative 

materials in advanced applications such as photocatalysis. Vanadium, present in 

specific form within the structure of SiO2 matrix could open up the gateway to 

investigate and tailor the defects created for specific catalytic applications. For that 

reason, vanadosilicate AM-6 containing 1-dimensional, semiconducting, and 

quantum-confined …V-O-V-O-V… chains can be a very interesting material with 

tailorable defect sites in photocatalysis. 

Accordingly, vanadosilicate AM-6 thin films with controlled defect sites were 

produced by tailoring the ratio of V
4+

/V
5+

 ratio within the thin film structure. It was

shown that the quality of seed crystals (morphology and thickness) affects the 

quality of thin films grown by secondary growth approach, leading to alterations in 

the V
4+

/V
5+

 ratio. The effect of changing molar composition and vanadium source

used for the secondary growth solution was also investigated systematically. 
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Furthermore, it was observed that altering the molar water content of the secondary 

growth gel also affects the film growth causing differences in the V
4+

/V
5+

 ratio. It 

was found that vanadosilicate AM-6 films with higher amount of V
5+

 ions arising 

from seed layer or different synthesis conditions possess better photocatalytic 

activity under visible light irradiation for the degradation of methylene blue, which 

can be attributed to the presence of V
5+

 cation within the framework of AM-6.

Photocatalysts production in thin form provides integration of the material to device-

oriented applications, hinders the agglomeration originated from the powder form of 

the photocatalyst, and also accelerates the degradation kinetics due to the increase of 

the contact surface area between the pollutant and the photocatalyst increasing the 

photocatalytic activity. 

Keywords: Photocatalysis, Vanadosilicates, AM-6, Thin-Films, Zeo-type Materials 
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ÖZ 

FOTOKATALİTİK UYGULAMALAR İÇİN MİKRO GÖZENEKLİ 

VANADYUM SİLİKAT AM-6 FİLMLERİ 

Kuzyaka, Duygu 

Doktora, Mikro ve Nanoteknoloji 

Tez Danışmanı: Prof. Dr. Burcu Akata Kurç 

Ortak Tez Danışmanı: Prof. Dr. Ahmet Macit Özenbaş 

Kasım 2019, 174 sayfa 

Görünür ışık ve UV aydınlatma altında organik kirleticilerin uzaklaştırılmasını 

sağlayan fotokataliz deneylerine ilgi her geçen gün artmaktadır. Yarı iletken 

malzemelerin fotokatalizör olarak rolü, oldukça toksik kirleticileri indirgemektir. 

Kusur oluşumunun kontrol edilebildiği, düzenli gözenek yapısına sahip ve 

sitokiyometrik miktarlarda vanadyum içeren malzemeler, fotokataliz gibi gelişmiş 

uygulamalarda tercih edilebilir. SiO2 matriksinde vanadyumun spesifik şekillerde 

bulunması, spesifik katalitik uygulamaların araştırılmasını ve kusur oluşumunun 

ayarlanmasını kolaylaştırır. Bu sebeple, 1-boyutlu, yarı iletken ve kuantum özellikli 

…V-O-V-O-V… zincirleri içeren vanadyum silikat AM-6, ayarlanabilir kusur 

oranlarıyla fotokatalitik uygulamalar için çok ilginç bir malzeme olma potansiyeline 

sahiptir. Buna göre, control edilebilen kusur bölgelerine sahip vanadyum silikat AM-

6 filmleri, film yapısındaki V
4+

/V
5+

 oranı ayarlanarak üretilmiştir. İkincil büyütme

yaklaşımında tohum (seed) kristallerinin kalitesinin (morfoloji ve kalınlık) V
4+

/V
5+

oranında değişiklik yaratarak ince filmlerin kalitesini de etkilediği tespit edilmiştir. 

İkincil büyütme solüsyonunun molar kompozisyonunu ve kullanılan vanadyum 

kaynağını değiştirmenin etkileri de sistematik olarak araştırılmıştır. Hatta, ikincil 

büyütme jelinin içerisindeki molar su miktarının değişiminin de V
4+

/V
5+

 oranında
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farklılıklar yaratarak film büyümesini etkilediği gözlemlenmiştir. Tohum (seed) 

tabakasındaki farklılıklar ya da farklı sentez koşulları sebebiyle oluşan, daha yüksek 

V
5+

 iyonuna sahip vanadium silikat AM-6 filmlerinin görünür aydınlatma altında 

metilen mavisinin fotokatalitik gideriminde daha iyi performans sergilediği tespit 

edilmiştir. Bu durum vanadium silikat yapısında bulunan V
5+

 iyonlarının varlığıyla 

açıklanabilir.  

İnce film formunda fotokatalizör üretimi malzemelerin cihaz uygulamalarında 

kullanılmasına olanak sağlar ve toz formundaki fotokatalizörlerin sebep olduğu 

aglomerasyon problemlerini de engeller. Ayrıca kirletici ve fotokatalizör arasındaki 

temas yüzeyi film formundaki fotokatalizörlerde daha fazla olduğundan metilen 

mavisinin giderim kinetikleri artar ve böylelikle fotokatalitik aktivitede de artış 

gözlemlenir. 

Anahtar Kelimeler: Fotokataliz, Vanadyum silikatlar, AM-6, İnce Filmler, Zeo-tip 

Malzemeler 
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CHAPTER 1  

 

1. INTRODUCTION 

 

Water is the most important requirement for the continuity of the biological activity 

on earth. However, it is exposed to get more and more polluted due to plenty of 

factors such as industrialization and increasing population. Developing and less 

developed countries have difficulties to get clean water. The contaminated water can 

be cleaned by methods such as reverse osmosis and chemical degradation. Still, all 

of these processes are extremely expensive and not sufficiently effective for 

lowering rate of pollutant formation. Besides, traditional cleaning processes may 

cause the pollutants to transfer from one phase to another or secondary pollutants to 

arise. Thus, there is increasing attention on the photocatalysis experimentations 

providing removal of organic contaminants such as textile dyes from water under 

visible and UV radiation. Semiconductor photocatalyst has become a very attractive 

topic of research not only for researchers but also for water purifications companies 

mostly due to its harmless approach to the environment. 

Titanium dioxide (TiO2) is the most frequently used semiconductor material as 

photocatalyst due to its high photocatalytic activity, chemical, and biological 

stability and low cost. However, its use as a photocatalyst is confronted by some 

issues. The first problem is that TiO2 is only activated by UV light which is 4-5% of 

the sunlight. This limits the use of solar energy and it is necessary to modify the 

material in order to increase its photoreactivity. The low electron transfer rate to 

oxygen and the high electron-hole recombination rate are other problems causing 

low photoreactivity. Besides, the use of nanocrystalline TiO2 as photocatalyst may 

induce agglomeration of nanoparticles such as clustering. This may hinder the 

homogeneous dispersion of the photocatalyst in the suspension causing low 

photocatalytic activity. Therefore, it is necessary to find a material with a low energy 
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band gap which is photocatalytically active in the visible light range and prone to 

agglomeration. Using photocatalysts in powder form requires filtration of 

photoactive particles which is an expensive and time-consuming procedure. Thin 

film production provides integration of the material to device-oriented applications 

and also accelerates the degradation kinetics due to the increase of the contact 

surface area between the pollutant and the photocatalyst. Therefore, the production 

of the materials with a low energy band gap in thin film form and photocatalytically 

active in the visible light range is very important. Based on this gap in the literature, 

the current thesis focusses on the production of microporous vanadosilicate AM-6 

that is isostructural with ETS-10 in thin form for the first time. 

 The framework of AM-6 contains monatomic, one-directional, and quantum-

confined …V-O-V-O-V… chains, which extend in two orthogonal directions and are 

surrounded by the insulating SiO2 matrix. Microporosity, pore regularity, and the 

presence of stoichiometric amounts of vanadium in the silicate framework make 

AM-6 a promising material in the traditional and also advanced applications. For 

that purpose, thin film making techniques from vanadosilicate AM-6 crystals were 

deeply investigated for the aim of obtaining photocatalytic activity in the visible 

region for the first time. It is believed that this study will open a new door for 

possible applications of these types of materials containing one-dimensional 

quantum wires. 

1.1. Semiconductor Photocatalysis 

Water pollution is one of the key issues getting considerable attention especially due 

to factors such as global industrialization and increasing population. Among various 

pollutants, dyes are one of the most dangerous organic contaminants in industrial 

wastewater that need to be eliminated, since their presence in aquatic ecosystems can 

cause serious damage to human health and living creatures [1,2]. There are two 

important factors to take into consideration for the removal of synthetic dyes which 

are adsorption and the photocatalytic processes. Adsorption process is less feasible 
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with respect to the photocatalytic process due to the reasons such as its low 

effectiveness at low pollutant concentrations [3,4]. In the photocatalysis process, dye 

molecules are decomposed into inorganic species or by-products that are readily 

biodegradable when irradiated by light [5–9]. For that purpose, heterogeneous 

photocatalytic oxidation processes have been discussed widely in the literature [6,8–

10]. These processes are governed by highly reactive oxygen species such as HO
•
, 

HO2
•
, and H2O2, which play an important role in the photocatalytic oxidation of 

organic dye molecules [11–14]. Photocatalysis is one of the methods to remove MB 

from wastewaters, which has been accepted as a model chemical and a 

representative of organic dyes in various studies [2,9,15–17].  

Semiconductors have been shown to be good candidates as photocatalysts through 

the advantegous positioning of valance band and conduction band, enhancing their 

light absorption capability and thereby photocatalytic activity [6,18]. Among various 

semiconductors, visible-light-driven photocatalysts have gained much attention due 

to less energy consumption [19]. 

1.1.1. Semiconductors 

Photocatalysis starts with the absorption of a photon by a photocatalyst. If the 

photocatalyst is a semiconductor, information on its band structure is very important 

for understanding the photocatalysis mechanism [20].  

The classification of the materials upon their electrical conductivity is carried out by 

splitting them into three categories: the insulator, conductor and semiconductor. 

Insulators do not have the ability to conduct electricity because of the inability of 

electrons to move. The ability of electrons to move freely brings conductors to 

conduct electricity whereas the ability to conduct electricity of semiconductor 

materials is intermediate and expressed by their bandgap [21]. While allowed 

energetic states are defined as bands, the term band gap indicates forbidden energetic 

states. One can get information about the electronic state of material through band 

structures. Conduction and valence bands are the terms for the lowest unoccupied 
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band and the highest occupied band by electrons, respectively. The bandgap is 

defined as the difference between the highest occupied molecular orbital and the 

lowest unoccupied molecular orbital [20]. A large band gap separates the conduction 

band and the valence band in an insulator. Molecular orbitals overlap in conductors 

resulting in the lack of bandgap between the conduction band and the valence band. 

Bandgap size gives information on whether a material is an insulator or a 

semiconductor because semiconductors have a bandgap between the conduction 

band and the valence band as insulators (Figure 1.1) [21]. 

  

 

Figure 1.1. Band model for insulator, conductors, and semiconductors 

 

Semiconductors can be classified in three ways in terms of their impurity as shown 

in Figure 1.2. Intrinsic semiconductors contain no impurity, whereas crystal lattice of 

n-type and p-type semiconductors (extrinsic semiconductors) encapsulates impurity 

or dopants. Electrical conductivity is provided thermally in intrinsic semiconductors. 

Electrical conduction occurs by impurities (i.e., electron donors or electrons 

acceptors) in extrinsic semiconductors. Electrons can easily excite to conduction 

band without leaving a hole in the valence band in the presence of an electron donor 

creating an n-type semiconductor. However, the possibility of electrons in the 

valence band to excite to the conduction band is less likely when an electron 
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acceptor is incorporated into the lattice structure of a semiconductor creating a p-

type semiconductor. For p-type semiconductors, minority carriers are electrons 

whereas majority carriers are holes. Excitation of electrons from valence band is 

provided thermally [21]. 

 

 

 

Figure 1.2. Energy band structures of intrinsic, n-type and p-type semiconductor 

  

Fermi level is present between the conduction band and valence band as shown in 

Figure 1.2. The possibility of electrons to occupy this level is 0.5. For an n-type 

semiconductor, Fermi level exists above the donor level, whereas it lies below the 

acceptor level for a p-type semiconductor. Fermi level is close to the conduction 

band and electrons excite from donor level to conduction band in n-type 

semiconductors making them electron conductors. Conversely, Fermi level is close 

to the valence band and electrons excite from valence band to acceptor level in p-

type semiconductors making them hole conductors [21]. At zero Kelvin, energetic 

states below the Fermi level are occupied by electrons. Energetic states above the 

Fermi level are empty. At finite temperatures, a few electrons can excite to the 

conduction band. This situation is defined as Fermi-Dirac statistics. Fermi level acts 

as a virtual electronic state and locates in the middle of the bandgap (Figure 1.2) 

[20]. 
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1.1.2. Principals of Photocatalysis Mechanism 

Photocatalysis is used for decomposition of water from pollutants such that the 

coverage of the photocatalyst by water molecules is expected. Therefore, water 

oxidation is a very important part of the photocatalysis mechanism [22]. 

Photocatalytic oxidation and reduction reactions are used to define the reactions of a 

photocatalytic process [21]. In a photocatalysis system, pollutant degradation 

process involves many steps (vide infra) including 
•
OH generation, which is a 

powerful oxidizing agent for the degradation of organic contaminants [23]. 

Photocatalysis starts with the absorption of photon energy (hν) by a semiconductor. 

Semiconductor + hν → h
+
 + e

-
 

h
+
 + H2O → 

•
OH + H

+
 

h
+
 + OH

-
 → 

•
OH 

h
+
 + pollutant → (pollutant)

+
 

e
-
 + O2 → 

•
O2

−
 

•
O2

−
 + H

+
 → 

•
OOH 

2
•
OOH → O2 + H2O2 

H2O2 + 
•
O2

−
 → 

•
OH + OH

-
 + O2 

H2O2 + hν → 2 
•
OH 

Pollutant + (
•
OH, h

+
, 

•
OOH or O2

-
) → pollutant degradation 

First, photons with energy higher than the bandgap energy of a semiconductor excite 

electrons from valence band to conduction leaving holes in the valence band in 

photocatalysis mechanism. These electrons and holes could be separated from each 

other or recombine resulting from the random migration of electrons and holes [24]. 

Physiosorbed water molecules, surface oxygen vacancies or defects, and surface 
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hydroxyl groups can trap these charge carriers. Trapping of charge carriers 

represented by the equations is exemplified below: 

Trapping of e
−

CB at defects: Ti
+4

OH + e
−

CB →Ti
+3

OH  

Trapping of h
+

VB at defects: Ti
+3

OH + h
+

VB →Ti
+4

OH [21]. 

Oxygen is crucial for photocatalytic applications due to the fact that organic 

pollutants need oxygen to degrade. Photoreaction starts with the adsorbed oxygen on 

the surface of the photocatalysts occurring superoxide radicals. 

O2ads + e
−

CB → O
−

2ads  

These superoxide radicals cause the formation of hydrogen peroxide. 

O
−•

2ads + H
+
 → HO

−•
2ads  

HO
−•

2ads + e
−

CB → HO
−•

2ads  

HO
−•

2ads + H
+

ads → H2O2ads [21] 

Among other oxidizing species, hydroxyl radical is the most effective due to its high 

oxidation potential. Figure 1.3 shows the possible ways to oxidize organic pollutant 

caused by hydroxyl radical. 

 



 

 

 

8 

 

 

Figure 1.3. Schematic view of the pollutant molecule reacting with the hydroxyl radical. Hydroxyl 

radical absorbed on the surface of the semiconductor is attacking the pollutant (a), pollutant is 

oxidizing at the surface of the semiconductor by the hydroxyl radical present in the solution (b), 

hydroxyl radical and the pollutant are adsorbed on the surface of the semiconductor (c). Oxidation 

reaction occurs (grey and orange balls represent target molecule and hydroxyl radical, respectively) 

[21] 

 

Hydroxyl radical adsorbed on the surface of the semiconductor might cause an 

oxidation reaction to degrade pollutant molecules existing near the semiconductor.  

Organic molecules adsorbed on the surface of the semiconductor might be degraded 

by the hydroxyl radical moving freely. Hydroxyl radical and the pollutant might be 

adsorbed on the surface of the semiconductor and oxidation reaction occurs. 

Hydroxyl radical moving freely might attack the pollutant molecules existing in the 

solution. However, it is acceptable that this reaction does not take place in 

photocatalytic systems due to the fact that the photocatalytic reactions occur at the 

adsorbed phase. Organic molecules can also be degraded by holes as well as 

hydroxyl radicals. The nature of the substrate might play an important role to choose 

the pathway for the degradation process [21]. 

Superoxide radicals (HO
•
 and O2

−•
) play an important role in photooxidation 

reactions. It has been shown that superoxide radicals may reduce recombination rate 
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as electrons transfer to oxygen molecule during the formation of superoxide radicals. 

The photocatalytic reaction rate can also be controlled by superoxide radicals. 

The formation of hydrogen peroxide can cause positive or negative effects in terms 

of photocatalysis. Photocatalytic degradation rate might be increased with the 

optimum level of hydrogen peroxide. Photooxidation rate may decrease with the 

increasing level of hydrogen peroxide. 

HO
• 
+ H2O2 → HO2

•
 + H2O  

HO2
•
 →H

+
 + O

−
2 

The rate of the photocatalytic reaction is increased by scavenging electrons from 

superoxide through oxygen which is the safest, cheapest and the most reliable 

electron acceptor. Singlet oxygen (O2
−•

) is imported as the lowest excited state of 

molecular oxygen. It is a powerful oxidizing agent [21]. 
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The semiconductors can participate in photocatalysis process in two ways: they can 

capture electrons from the substrate as an oxidizing agent; they can transfer electrons 

to substrates as reducing agent (Figure 1.4) [24]. 

 

 

Figure 1.4. Schematic view of the photocatalysis mechanism [25] 

 

Various conditions might occur for electrons and holes en route to the surface of a 

semiconductor. Hole traps are present near the valence band, whereas electron traps 

are present at the center of the energy bandgap or near the conduction band. Figure 

1.5 demonstrates the schematic view of electron-hole recombination and their 

trapping mechanism. Hole trapping triangle indicates the movement of the hole into 

a shallow trap, then deep trap or directly to a deep trap. The chemistry of deeply 

trapped holes and surface bound hydroxyl radicals are similar to each other. 

Therefore, it is important to understand the mechanism of hole trapping [21]. 
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Figure 1.5. Schematic view of  band-band recombination (a), hole trapping triangle (b), shallowly 

trapped electron  (c), trapped-assisted recombination (d) [21] 

 

When a semiconductor is irradiated by light with photon energy greater than the 

bandgap energy, photons can excite electrons from the valence band to conduction 

band. This excitation can occur in two ways: for direct bandgap, the energy of the 

electron changes but its momentum remains the same during the excitation process. 

In the indirect bandgap, both energy and momentum of the electron change. 

Electrons interact with photon and a lattice vibration (i.e., phonons) to change its 

energy and momentum. Indirect bandgap transitions are relatively slow and less 

effective in terms of photocatalysis mechanism. After the excitation process, the 

electron-hole pair should have a particular lifetime without recombination for a good 

photocatalytic performance of a semiconductor. The energy on the system resulting 

from the excitation can be lost in two ways: recombination of the electron-hole pair 

or photocatalytic reduction and oxidation processes. For an enhanced photocatalytic 

activity, charge separation and conduction are crucial. Crystal impurities and defects 

are known as trapping sites for electrons and holes hindering recombination  [20].  
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The use of a photocatalyst for practical applications, visible light activity is very 

important in terms of the effective use of solar energy. Some photocatalysts effective 

under visible light irradiation are shown in Figure 1.6.  

 

 

 

Figure 1.6. Photocatalysts under visible light irradiation by means of the reaction mechanism. 

Narrow-band-gap semiconductor such as WO3 (a), anion-doped TiO2 such as nitrogen-doped TiO2 (b), 

sensitizer deposited TiO2 such as PtCl6
2−

-deposited TiO2 (c), and interfacial-charge-transfer-type TiO2 

such as Cu(II)-grafted TiO2 (d) [22] 

 

O-2p orbital determines the energy level of valence band resulting in narrower 

bandgap energy for metal oxide semiconductors such as WO3 (Figure 1.6-A). For a 

better photocatalytic activity, doping the anions such as N or S can be applied to 

TiO2 resulting in a shift in the valence band. The holes left by the excited electrons 

on the donor level have the same oxidation ability as in the undoped TiO2 (Figure 

1.6-B). A sensitizer can be deposited on a photocatalyst such as TiO2. After visible 

light absorption by the sensitizer, excited electrons are transferred resulting in the 

production of radicals which are going to be used to oxidize organic molecules 

(Figure 1.6-C). Metal ions with good photocatalytic performance can be deposited. 

These types of absorption are denoted as interfacial charge transfer (IFCT) type 

absorption. Therefore, photoelectrons are excited to the valence band of the metal 

ions (Figure 1.7-D). If metal compound has the catalytic ability for the reduction of 

O2, an enhanced photocatalytic activity is expected [22]. 
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1.1.3. Methods for Enhancing Photocatalytic Activity 

When a photon is absorbed by a semiconductor, electrons in the occupied valence 

band excite to conduction band leaving positive holes in the valence band. These 

electrons and holes either recombine or induce redox reactions for the chemical 

species absorbed on the photocatalyst surface [22]. 

The wide bandgap of many semiconductors limits their photocatalytic effectiveness 

to UV light irradiation and makes them insensitive to visible light which is 42 % of 

sunlight. Therefore, production of photocatalysts effective under natural sunlight is 

gaining so much attention. Photocatalysis capturing the whole solar spectrum is 

desirable for the maximum performance of the system.  

A few requirements are needed for an enhanced photocatalytic activity. The first and 

the most important one is energy bandgap of a semiconductor. Semiconductors with 

energy bandgap in the visible range show enhanced photocatalytic activity. The 

second requirement is the positions of CB and VB. The position of VB should be 

lower than the oxidation potential of oxygen and CB should be higher than the 

reduction potential of hydrogen (Figure 1.7) [23]. 
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Figure 1.7. Bandgap positions of several semiconductors [23] 

 

Most of the toxic chemicals dissolve in the water and the energy for water splitting is 

1.23 eV. Therefore, bandgap of semiconductors should be higher than the energy 

needed for water splitting in order to produce high amounts of photoelectrons. The 

third requirement is related to the production and separation of charge carriers. 

Electrons are transferred to the semiconductor surface through diffusion and 

participate in the redox reaction. For an efficient photocatalyts, the absorption 

coefficient of the semiconductor should be large and diffusion length should be high. 

The fourth requirement is related to the presence of grain boundaries and surface 

states. Electron-hole pairs should reach the pollutant for an enhanced photocatalytic 

activity. Surface states on the surface of a semiconductor capture the charge carriers 

and increase their lifetimes. The fifth requirement is the stability against 

photocorrosion and dissolution of the photocatalyts. Accumulation of 

Photogenerated charge carriers on the surface of the semiconductor surface or 

pollutant can be observed under illumination. This may cause photocorrosion and 
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dissolution of the semiconductor. A minimum contact of the pollutant and the 

photocatalyts can hinder this situation. The sixth requirement is a high specific 

surface area of the semiconductor to adsorb more pollutant molecules. Nano-sized 

materials has a great amount of volume/surface ratio, these types of materials are 

preferable for enhance photocatalytic activity. Along with all these sixth 

requirements, other parameters such as electronic structure or geometry of the 

semiconductor affect the photocatalytic activity [23]. 

In order to produce semiconducting materials sensitive to visible light, they can be 

doped with metal ions (noble metals, rare earth ions or transition ions) or nonmetals 

resulting in a decrease in their bandgap. Metal-ion doping reduces the possibility of 

recombination of electron-hole pairs and alters the optical absorption edge [20,23]. 

Surface morphology of a semiconductor affected by particle size has a great impact 

on its photocatalytic properties. A more effective photocatalytic activity can be 

obtained by modifying surface morphology of a semiconductor [20,21]. When a 

smaller particle is used as a photocatalyst, redox potential is increased making it 

more effective to sunlight activation. The possibility of recombination also decreases 

with particle size. Particle size affects the number of adsorbed photons on the 

semiconductor surface [20]. 

The concentration of the photocatalyst is another parameter affecting the 

photocatalytic activity. For efficient photocatalytic activity and less light scattering, 

optimum concentration should be investigated. If semiconductor photocatalyst 

agglomerates, the photocatalytic reaction rate decreases [21]. 

Zeolite-based catalysts, one of the most promising systems for photocatalysis, are 

gaining attention due to their unique properties for photocatalytic applications.  

Zeolites with reversible structural and surface properties are able to be used in 

various catalytic applications. They could be modified with active metal ions in their 

cavities or outer surfaces. Different pore size may result in the formation of metal 

clusters of different sizes in the cavities. Therefore, it is important to select the 
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zeolite with the optimum pore size for photocatalysis. Ion exchange capacity is also 

affected by the pore size. Specific molecules may enter into the cavities and there 

react with the encapsulated catalysts. Metal ion doped zeolites may serve as 

photocatalyst for the photocatalytic systems operating under visible light [26].  

Zeolites are famous now with their high surface area and adsorption capacity along 

with other parameters making them favorable for photocatalytic applications [27]. 

 

1.2. Zeolites and Zeo-Type Materials 

Zeolites are crystalline aluminosilicates consisting of SiO4 and AlO4 tetrahedra with 

a three-dimensional framework structure forming uniformly sized pores of molecular 

dimensions. Zeolites act as molecular sieves through the semipermeable property of 

the pores allowing to absorb molecules fitting inside the pores and exclude the large 

ones [28,29]. The framework of zeolites is negatively charged due to the 

replacement of Al
3+

 with Si
4+

 at some places. However, the extra framework cations 

in the cavities of the zeolite cause electroneutrality in the framework. Some of those 

cations are responsible for cation exchange and are able to reversibly interact with 

polar molecules. These properties have contributed significantly to the commercial 

use of zeolites [28].  

The unique properties of zeolites such as ion-exchange, catalytic activity, and 

sorption capacity can be tailored by controlling the zeolite structure. That is, the size 

of the pores affect the sorption property, the number of extra framework cations and 

pore openings affect the ion-exchange capability, and Si/Al ratio affects the acidity 

and catalytic activity [30,31]. 

The framework types provide zeolites to be categorized upon their framework types 

[30]. FAU, LTA, MFI, etc. are codes representing the framework types as published 

in Atlas of Zeolite Framework Types [32]. The information about the pores, 
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connection of the tetrahedral atoms, and the channel system can be obtained from the 

framework type [30]. 

Zeolites consist of TO4 tetrahedra (T represents any tetrahedral coordination cation) 

and mostly have a 3-dimensional structure with channels and cavities. The size of 

the pore openings in zeolite structure is defined by the number of T-atoms enclosing 

these pores, for instance, an 8-ring structure is a small pore opening [30]. The pores 

of zeolite are flexible and pore and cavity dimensions are affected by the type of 

cation. In order to measure the dimensions of zeolites, it would be more accurate to 

mention the "effective" pore size, which could be 110 % of the crystallographic 

dimensions of zeolites [33,34]. Moreover, it is possible to modify the catalytic and 

ion-exchange characteristics of zeolites by changing the framework composition or 

type and/or the number of extra framework cations [34]. 

Extra framework cations originated from the synthesis mixture or post-synthesis 

treatments present in the channels and cages of the zeolite framework balance the 

electronegativity [30].  

Zeolites have been widely used in chemical and petroleum industries as catalysts, 

adsorbents, animal feed additives, separators, etc. With the emerging technologies in 

nano-dimensions, zeolites became an interest as potential materials in 

nanotechnological applications such as medicine, and optoelectronics [34]. 

Materials with T atoms other than Al, but Ga, B, Ti, Cr, V, and P in their structures 

are called zeo-types. These materials have microporous or mesoporous structure 

consisting of hexagonal, elliptical, spherical, or parallel channels. They have some 

advantages over traditional zeolites such as their ability to be used in photocatalysis 

or quantum wire applications [33]. 

1.2.1. Microporous Titanosilicate ETS-10 

ETS-10, first synthesized by Engelhard in 1989, is an important microporous 

titanosilicate material with a 3-dimensional network consisting of corner-sharing 
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TiO6 and SiO4 and interconnecting channels and cavities. ETS-10 has a 12-

membered ring pore system with dimensions 7.6 Å × 4.9 Å [15,35–39]. ETS-10 has 

unique properties such as pore uniformity, the presence of non-framework cations 

balancing the net negative charge of the framework. Thanks to these unique 

properties, ETS-10 is a promising material for catalytic, ion-exchange, adsorption 

and separation applications. Moreover, ETS-10 has monatomic, semiconductor, 

quantum-confined ...Ti-O-Ti-O-Ti... chains running along both a and b directions 

separated from each other by a silica matrix [15,37].  

 

Figure 1.3. Stick representation of ETS-10 structure along the b direction (a). Si, Ti, and O atoms are 

represented as yellow, gray, and red sticks, respectively. -Ti-O-Ti-O-Ti- chains, running along with 

the a and b directions, are visible. Stick and ball representation, zoomed in on a fraction of the -Ti-O-

Ti-O-Ti- chain showing also the charge-balancing monovalent cations (violet balls) (b) [37] 

 

One-dimensional (1D) semiconductor quantum-confined materials are promising for 

nanoscale electronic devices and applications. Quantum wires are the thinnest 1D 

quantum-confined material. ...Ti-O-Ti-O-Ti... quantum wires are examples for these 

quantum wires (Figure 1.10) [40]. These chains act as one dimensional analog of the 

TiO2 which is a photocatalyst. However, ETS-10 has a more flexible structure which 

readily allows for transition metal and main group [25,41]. 

Each Ti atom in the titanium chain carries two negative charges balanced by extra-

framework, exchangeable cations (Na
+
 and K

+
); this leads to high cation-exchange 

capacity (Figure 1.9) [35,42]. These quantum wires with a bandgap energy of 4.03 

eV in ETS-10 structure act as semiconductors in photocatalysis [42,43]. When 
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radiation greater than the bandgap energy, electron-hole pairs are created. These 

electron-hole pairs travel down the chain and initiate reactions with molecules at 

structural defects along the chains [43]. Thus, ETS-10 is a suitable material for 

photocatalytic and semiconducting applications such as solar cells. However, high 

band-gap energy limits the photocatalytic activity [15]. 

 

Figure 1.4. The framework structure of ETS-10 showing chains of corner-sharing TiO6 octahedra 

which run along with two perpendicular directions, and which are isolated by corner-sharing SiO4 

tetrahedra: single element of the chain (a); single chain (b); three-dimensional view (c) [44] 

 

Many studies have been reported on ETS-10 structure and its applications up to now.  

Valtchev and coworkers reported the synthesis of ETS-10 from titanosilicate gels in 

the presence of an organic template [31]. Zhao and coworkers studied the synthesis 

of microporous titanosilicate ETS-10 by using TiF4 as the Ti source and the 

adsorption properties of heavy metal ion Pb
2+

 on the ETS-10 sample [45], 

Magnowski and coworkers reported the separation of ethane from methane in a 

synthetic natural gas mixture by adsorption on cation-exchanged ETS-10 at ambient 

temperature and pressure [46]. Agostini and coworkers applied many types of 

treatments (thermal-, chemical-, and UV-photo-) and accomplished the ETS-10 light 

absorption to shift down to the visible region [37]. Philippou and coworkers 
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investigated the catalytic performance of the ETS-10 for the aldol condensation of 

acetone [36]. Ji and coworkers investigated the role of ionic silver (Ag
+
) and metallic 

silver (Ag
0
) on the photocatalytic activity of ETS-10. They aimed at hindering the 

recombination of electrons and holes produced in semiconductors when irradiated 

[15]. 

1.2.2. Microporous Vanadosilicate AM-6 

Microporous vanadosilicate AM-6, isostructural with ETS-10, is another type of zeo-

type material. ETS-10 and AM-6 have identical structures, thus it can be predicted 

that AM-6 might be used as a semiconductor or optoelectronic material as ETS-10. 

The manipulation of the properties of these zeo-type materials is possible by adding 

other atoms into the structure [42]. It wouldn’t be a surprise that novel electronic and 

magnetic properties will be observed when paramagnetic V (IV) is added into the 

structure instead of Ti (IV) [47]. 

Vanadosilicate AM-6 (Aveiro/Manchester no. 6), isostructural with ETS-10, has 12-

membered ring channels and contains monatomic semiconductor ...O-V-O-V-O... 

chains separated from each other by a silica matrix [48,49]. AM-6 is a microporous 

material with unit cell composition of (Na, K)2VSi5O13.3H2O and pore openings of 

approximately 4.9 x 7.6 Å  [50]. The structure of AM-6 consists of corner-sharing 

VO6 octahedra and SiO4 tetrahedra. AM-6 is a promising material for the catalysis, 

gas separation, and sorption applications due to its unique properties such as 

microporosity, pore regularity, and the presence of vanadium [48,49]. The 

framework of AM-6 has a net negative charge which is neutralized by Na
+
 and K

+
 

extra-framework cations occupying the pores with water molecules [47,50]. 

Vanadosilicate AM-6 has a 3-dimensional pore system consisting of 12-, 7-, 5-, and 

3- membered rings. 12-membered rings form minimal pore diameter. The unit cell 

composition is (Na, K)2VSi5O13·3H2O [47].  
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Figure 1.5. A structural model for AM-6 structure [47] 

 

V ions are octahedrally coordinated by four Si-O bonds and two V-O in the AM-6 

structure (Figures 1.11 and 1.12).  V atoms do not substitute the Si atoms in the SiO2 

matrix [41].  

 

 

Figure 1.6. The model for AM-6 using DFT calculations [41] 
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There are two types of oxygen atoms in the structure: Type I and type II. Type I 

bridging the V atoms along the ...V-OI-V-OI-V... chains is also termed as axial 

oxygen atoms (Oa). Type II bridging each vanadium atom with the silicon (Si) atom 

is also termed as equatorial oxygen atoms (Oeq) (Figure 1.11). Si atoms have two 

types of chemical environment: Si linked via O bridges to four Si atoms (4 Si, 0V); 

and Si linked via OII bridges to three Si atoms and one V atom (Figure 1.13). The 

intensity ratio of the Si (4Si, 0V) sites to Si (3Si, 1V) sites is 1:4 [25]. 

 

 

Figure 1.7. Two chemical environments for the Si atoms in vanadosilicate AM-6 [25] 

 

Inorganic materials have the possibility to be used as photocatalysts and in 

photovoltaic applications due to their ability to harvest the light. Semiconductors can 

be modified by incorporating elements into them to enhance their photocatalytic 

activity in the visible light region [41]. AM-6 crystals are photocatalytically active 

under visible light irradiation, thus they can be used as natural sunlight 

photocatalysts [48]. The V
5+

 and V
4+

 sites along the ...V-O-V-O-V... act as electron 

and hole traps, respectively. If these two sites are close to each other, then electron-

hole recombination may be promoted and photocatalytic activity may be lower 

consequently. Thus, Ismail and coworkers proposed the incorporation of transition 

metal ions into the AM-6 framework. They estimated that incorporation of transition 
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metal ions may provide separation of V
5+

 and V
4+

 sites and enhancement 

photocatalytic activity [50]. The ...O-V-O-V-O... chains also show ferromagnetic 

ordering at temperatures below 50 K. This makes AM-6 crystals potential porous 

magnets with the incorporation of magnetic guest molecules [48]. 

The microporous structure of AM-6 has a large surface area. However, only a small 

portion of the surface is reactive in both catalytic and photocatalytic reactions due to 

the isolation of the chains from adsorbed molecules by silica matrix. Post-treatments 

or usage of organic mesoscale templates is possible ways to enhance the mass 

transfer [51].  

AM-6 was first synthesized by Rocha and coworkers by using ETS-10 as seed 

crystals. They produced an ETS-10/AM-6 core-shell structure. However, AM-6 

crystals were containing quartz as impurity [49]. The modification of optical 

properties and the advanced applications were limited and the characterization was 

complicated due to the presence of ETS-10 in the AM-6 structure. Therefore, an 

unseeded synthesis method was in need [25,48]. This was achieved by Ismail and 

coworkers and they synthesized AM-6 crystals without using ETS-10 as a seed 

crystal [48]. 

Table 1.1 demonstrates the structural differences of microporous ETS-10 and 

microporous vanadosilicate AM-6. 

Table 1.1. A comparison between microporous titanosilicate ETS-10 and microporous vanadosilicate 

AM-6 

Properties ETS-10 AM-6 

Structure SiO4 tetrahedra and TiO6 

octahedra 

SiO4 tetrahedra and VO6 

octahedra 

Pore Dimensions 4.9 x 7.6 Ǻ 4.9 x 7.6 Ǻ 

Quantum wires ….Ti-O-Ti-O-Ti…. ….V-O-V-O-V…. 

Energy bandgap 4.03 eV 3.80 eV 

Photoreactivity UV region Visible region 
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AM-6 crystals produced by using these methods contain V
4+

 and V
5+

 states in 

quantum wires [48,49]. In 2012, Jit Datta and coworkers succeeded to synthesize 

pure, monodisperse, and highly crystalline AM-6 crystals without using ETS-10 

seeds and containing only V
IV

 in the quantum wires [52]. Vanadosilicate AM-6 

crystals should be supported on a substrate to utilize the unique properties for device 

applications. To the best of our knowledge, only one paper was reported on the 

synthesis of vanadosilicate AM-6 membranes on α-alumina substrate to use it as a 

gas separation membrane [53]. Improving thin film making procedures are necessary 

for increased use of these types of zeo-type materials in advanced applications [54]. 

1.3. Thin Film Preparation of Zeolites and Zeo-type Materials: In situ and 

Secondary Growth Method 

Preparation of zeolites and/or zeo-type materials on a substrate is crucial for their 

potential applications such as gas separation membranes, sensors, catalysts or 

microelectronic devices [55–58]. It is possible to prepare these type of materials on a 

substrate by using many methods such as in situ, secondary growth, vapor phase 

transport, etc [59]. 

Seed preparation or spin/dip-coating technique is not required for in situ method. 

The direct coating is possible on the surfaces of different shapes and structures in 

this method [55]. Wang and co-workers investigated the effect of reaction time and 

temperature, properties of the substrate such as roughness and chemistry, and aging 

time for synthesis on the formation of MFI monolayer films. They easily obtained b-

oriented MFI type monolayers on metal substrates without voids or cracks by using 

in situ method [55]. Uniform orientations of nonlinear optical molecules and 

semiconducting quantum dots could be obtained by producing a zeolite monolayer. 

Ha et al. investigated the monolayer formation of large zeolite crystals on several 

substrates by using in situ method  [60]. A disadvantage for in situ models is that the 

control of the orientation of the membrane is unlikely. The membranes produced by 
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in situ methods are generally randomly oriented affecting molecular sieving 

properties and the roughness of the film [56,61].  

The preparation of the seed layer and the subsequent growth of the seed layer into a 

continuous film are two main steps of secondary growth method. In the first step, a 

suspension of pre-synthesized seed crystal is deposited on a substrate by one of the 

in-situ methods. Electrostatic forces between zeolite particles and the substrates 

enable the seed layer formation on the substrate. In the second step, seed layer 

crystals are intergrown forming a continuous film [62]. In the secondary growth 

method, the orientation of the membrane is dependent on the orientation of the seed 

layer. Generally, the seed layer is randomly oriented resulting in a non-uniform 

orientation of membrane according to the competitive growth model. However, if 

the seed layer has the tendency to grow in one direction during hydrothermal 

synthesis, an oriented membrane can be obtained [61]. Anisotropic seed crystals 

such as cubic-shaped zeolites tend to form oriented seed layers [62]. Altering the 

parameters such as size or morphology of the seed crystals or synthesis conditions 

can result in an oriented membrane upon secondary growth method [61]. The 

manipulation of the orientation of a zeolite film is desirable for different applications 

affecting the performance of the zeolite film [63,64]. Hu and co-workers have 

successfully synthesized highly c-oriented AFI membranes by using secondary 

growth method. First, they synthesized plate-like AFI seeds, and then they placed 

these seed crystals to form a c-oriented seed layer by fingerprinting. Afterward, they 

applied hydrothermal treatment to grow highly c-oriented membranes [61].  

There are two conditions for the preparation of an oriented zeolite and/or zeo-type 

film: growth rate should be faster than the nucleation rate and crystal faces should 

grow anisotropically with the crystal face. This will result in the highest orientation 

rate in the desired direction [63]. The secondary growth approach provides 

reproducibility and eliminates the negative effects of the substrate surface on film 

formation due to the existence of the seed layer [58,64]. Seed layer plays an 

important role in the formation of zeolite and/or zeo-type films. When smaller 



 

 

 

26 

 

crystals in size are used as seed, better intergrowth of these seeds is obtained 

resulting in a smooth surface. The larger seed crystals cause rough surfaces and 

defects resulting in a worse intergrowth of seed crystals as compared to smaller 

seeds [58].  Zhang et al. produced zeolite film using different sized silicalite-1 seed 

crystals. They investigated the effect of the seed crystal size on the formation of 

zeolite film. They obtained well intergrown and smooth zeolite film without voids or 

cracks upon using smaller seed crystals [58]. 
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CHAPTER 2  

 

2. LITERATURE REVIEW 

 

2.1. Photocatalytic Materials 

Titanium dioxide (TiO2) is the most frequently used semiconductor material as 

photocatalyst owing to its high photocatalytic activity, chemical and biological 

stability, ease of availability, and low cost [4,8,16,65–68]. However, utilization of 

TiO2 as photocatalyst induces some problems. These can be summarized as its 

requirement of UV light, which is 4-5% of the sunlight to get activated, low electron 

transfer rate, and high electron-hole recombination rate-limiting the usage of solar 

energy with decreased photoreactivity [6,16,69]. For these reasons, various methods 

have been developed to modify TiO2 photocatalyst by doping foreign elements 

[17,70]. Engelhard titanosilicate (ETS-10) is a class of crystalline titanosilicate 

including …Ti-O-Ti-O-Ti… wires acting as a one-dimensional analog of TiO2 with 

increased flexibility for doping foreign metals with respect to TiO2 [41]. 

Unfortunately, one important disadvantage of ETS-10 is its large bandgap of ~ 4.03 

eV, which limits its photoresponse in the ultraviolet (UV) region [54].  To solve this 

problem, transition metals such as Fe, Cr, and V into the titanium wires can be 

incorporated to reduce the bandgap, which can extend the photoresponse of ETS-10 

and make the photocatalyst sensitive to visible light. Among these transition metals, 

when titanium in the ETS-10 is replaced by vanadium, the resulting vanadosilicate 

structure is isostructural to ETS-10 producing AM-6 with 1D …V-O-V-O-V… wires 

[71]. Until now, AM-6 that is only in its powder form had been investigated in terms 

of its photocatalytic activity [25,41,71,72]. It was shown that AM-6 with different 

F/V ratio demonstrated strong visible light absorption which can be attributed to the 

structural defects originated from the connection of VO6 octahedral wires and VO4 

tetrahedral units [41]. 
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While using photocatalysts in powder form requires filtration of photoactive 

particles, which is an expensive and time-consuming procedure, thin film production 

provides integration of the material to device-oriented applications and also 

accelerates the degradation kinetics increasing the contact area between the surfaces 

of the pollutant and the photocatalyst [54,65,73]. Therefore, the production of thin 

films with low energy bandgap and photocatalytic activity under visible light 

irradiation would be a significant improvement. 

2.1.1. Photocatalytic Decomposition of Methylene Blue 

The textile industry is the main source of dyes resulting in severe water pollution. 

Around 20-30 % of the dyes cannot be adsorbed on the fabric and cause water to be 

colored and ultimately wastewater. This wastewater with high pH and temperature is 

highly toxic for animals and plants. Hardly any of the dyes are biodegradable and 

they are highly resistant to environmental conditions. Therefore, wastewater caused 

by the textile industry induces critical problems. Thus, various techniques such as 

membrane separation, ion exchange, chemical oxidation, electrochemical 

techniques, adsorption, and photocatalysis have been investigated to remove dyes 

from wastewaters. Methylene blue (MB) as a representative organic dye for dyes 

used in textile industry has been used in many studies [74,75]. In industry, MB is 

being utilized for coloring materials such as cotton or wood [75].   

MB can cause eye burns as such that permanent eye damages may occur. Rapid and 

difficult breathing increases when MB is inhaled. Burning, sickness, vomiting, 

sweating, and mental instability are examples of symptoms when MB is consumed. 

Wastewater management containing such dyes are challenging due to these harmful 

effects [75,76]. 

Ghosh et al. investigated the parameters affecting the adsorption capacity of kaolin. 

In this study, the adsorption of MB on kaolin was studied. For adsorption 

experiments, they used six different kaolin samples. They claimed that purified and 

NaOH treated kaolin sample showed the best adsorption property [76]. Carvalho et 
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al. studied the effect of copper as metal dopant on the photocatalytic activity of TiO2 

for the photocatalytic decomposition of MB. They deposited a thin copper layer 

above a relatively thicker TiO2 film on a glass substrate. The copper layer was 

etched followed by a thermal treatment in order to allow copper ions to migrate from 

the surface to a deeper region. Therefore, structural changes on the surface were 

obtained and high hydrophilicity was observed. The increased photocatalytic activity 

was also achieved by this mechanism [77]. Ji et al. utilized ETS-10 crystals as 

photocatalyst and MB as a model organic compound for photocatalytic activity 

investigations. They aimed ETS-10 crystals to be photocatalytically active under 

visible light irradiation and investigate the role of silver incorporation in 

photocatalysis. In this way, Ag
0
 nanoparticles were formed in the structure of as-

synthesized ETS-10 crystals followed by the ion-exchange procedure with Ag
+
 ions. 

It is known that silver nanoparticles create a very strong electric field due to surface 

plasmon resonance (SPR) effect and role as electron traps. Silver nanoparticles are 

critical catalytic sites providing the formation of reactive radicals and the reactions 

of oxygen adsorption and reduction. Silver modified ETS-10 showed photocatalytic 

activity under visible light irradiation as compared to unmodified ETS-10 due to the 

reasons mentioned above [15]. 

2.1.2. Porous Materials as Photocatalysts 

High surface area, accessibility to active sites, enhanced mass transport and diffusion 

properties are the reasons why porous materials have proposed an area of research 

such as energy conversion and storage, catalysis, photocatalysis, adsorption, and 

separation. The indicative parameters for their performance in applications are 

porosity, morphological and content information. The adsorption of dye molecules 

could increase the optical path length enhancing light-harvesting efficiency. Besides, 

photogenerated electrons and holes occur due to enhanced light-harvesting 

efficiency. The porosity of the materials is an improving parameter for their 

performances [78]. Pollutants need to be adsorbed on the surface of the photocatalyst 
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for a redox reaction. High surface area and enhanced diffusibility of the pollutant 

resulting from the porosity increase photocatalytic activity [79].  

The photocatalytic activity could be enhanced through porous structures. They 

facilitate the adsorption of reactant molecules and provide multiple accessible sites. 

Diffusion length of the reactant molecules decreases due to their high specific 

surface area. More isolated and more separated active sites could be formed after 

irradiation and special channels could be provided for charge transport. Thus, charge 

separation and transport are facilitated under illumination [80]. 

High thermal stability, low cost, and fewer damaging properties of titania is the most 

promising photocatalyst among other semiconductors. However, only the UV region 

of the solar radiation is allowed due to its relatively large bandgap. It has been 

proposed that porosity should be added to the structure of TiO2 to enhance the light-

harvesting efficiency likewise photocatalytic activity [78].  

Porous ZnO materials are gaining attention due to their enhanced photocatalytic 

activity considering ZnO particles [79]. Cho et al. synthesized porous ZnO-ZnSe 

nanocomposites for photocatalysis under visible light irradiation.  Following the 

synthesis of porous ZnO nanostructures, they converted them into ZnO-ZnSe 

nanocomposites using a dissolution-recrystallization method. A comparison between 

the photocatalytic properties of ZnO nanostructure and ZnO-ZnSe nanocomposites 

were carried out. They obtained an enhanced photocatalytic activity when ZnO-ZnSe 

nanocomposites were used as photocatalyst. Electrons transfer to the conduction 

band of ZnO and holes remain in the valence band of ZnSe decreasing the possibility 

of electron-hole recombination. Holes in the valence band of ZnSe oxidize directly 

the dye molecules adsorbed on the ZnSe nanoparticles. Electrons in the conduction 

band of ZnO reduce the oxygen on the surface of ZnO generating a superoxide 

radical anion. The superoxide radical would create hydroxyl radicals to degrade dye 

molecules [81].  
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Jiang et al. synthesized porous TiO2 in nanoscale and discussed the effect of size and 

preparation technics of the nanoparticles. They obtained enhanced photocatalytic 

activity when nano-sized porous TiO2 was used as photocatalyst for the degradation 

of methyl orange [82].  

Taha et al. prepared carbon nanofiber embedded in WO3 structure with the ability of 

separation of electrons and holes. Their photocatalytic activities were investigated 

using different types of dyes under visible light irradiation and improved 

photocatalytic activity was observed. It was also demonstrated that these materials 

could be recycled without any change in their photocatalytic activity through their 

nanostructural properties [83]. 

Silver-containing complex oxide semiconductors are considerable for the 

enhancement of photocatalytic activity. In these materials, the top of the valence 

band could form a new valence band with higher energy-containing Ag 4d and O 2p 

hybrid orbitals resulting in a narrower bandgap. The utilization of Ag2NO3 has been 

proposed for photocatalytic degradation processes due to its stability and electron 

acceptor behavior instead of Ag2CO3 which has corrosion behavior. Guo et al. 

prepared porous Ag2CO3 nanorod photocatalyst for the photocatalytic decomposition 

of RhB under visible light irradiation [80]. 

2.2. Thin Film Preparation of Zeolites and Zeo-type Materials 

Yoon et al. [40] synthesized seedless and template free AM-6 crystals for the first 

time in comparison with ETS-10 core/AM-6 shell crystals made by Rocha et al. [49] 

and ETS-10-free AM-6 crystals containing tetramethylammonium ion (TMA
+
) as 

structure-directing agent synthesized by Sacco, Jr. et al. [48].  AM-6 samples in 

powder form synthesized by Yoon et al., Sacco, Jr. et al., and Rocha et al. were 

denoted as AM-6-(Y), AM-6-(S) and AM-6-RA respectively. AM-6-(Y) samples 

were found to be the purest (i.e., vanadium has just one oxidation state -V
IV

- in the 

chain) having the cheapest production method. This founding was mainly based on 

the variations made in the growth solution, i.e., the vanadium source of V2O5 in AM-
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6-(Y) as opposed to VOSO4 in AM-6-(S) and AM-6-RA and the use of ethanol as a 

reducing agent.   

In order to use these materials in advanced device-oriented applications, it can be of 

interest to support these materials on transparent conductive oxide substrates. 

Utilization of zeolite thin films using secondary growth has already attracted 

considerable interest as an alternative route in several device applications, such as 

zeolite membranes, sensors, and photochromic films [40,84–87]. Accordingly, the 

novel and interesting properties carried along with 1-D quantum confined materials 

can be extended to such applications in order to benefit from the catalytic, magnetic 

and electronic properties of vanadosilicate AM-6 if these materials are obtained in 

thin film form on different substrates.  To the best of our knowledge, only one paper 

was reported on the synthesis of vanadosilicate AM-6 membranes, where α-alumina 

substrates were used as support [53]. In the current study, the ETS-10 core/AM-6 

shell methodology was applied in the original formation of AM-6 crystals in powder 

form by using ETS-10 as seeds [40,48,49]. 

2.2.1. Controlling the Crystal Orientation in Zeolite and Zeo-type Materials 

In order to produce high-quality zeolite films, microstructures of zeolite such as 

crystallographic preferred orientation (CPO) or thickness should be manipulated and 

optimized accurately. Device applications involving zeolite films are most likely 

affected by these microstructures. Among other types of microstructures, control of 

CPO is vital [64,88]. Out-of-plane crystallographic texture of the films highly affects 

their performance. Van der Drift proposed an evolutionary selection model to 

explain the formation of this texture in the 1960’s. According to this model, grains 

have different crystal faces with different growth rates. Crystals with slighter growth 

rate disappear when they meet the boundaries of larger crystals. Crystals with 

growth rate in the perpendicular direction of the surface are preserved [88]. Zeolite 

films are most likely randomly oriented, but preferred orientation is required for 

particular applications [55]. There is a competition between the crystal growth rate 

and nucleation rate. Secondary growth mechanism should provide conditions such 
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that crystal growth rate overcomes the nucleation rate. Besides, crystals in the 

desired orientation should have the highest growth rate [89]. 

Secondary growth method is the most proper approach to obtain oriented zeolite film 

with respect to other methods due to the reasons such as higher reproducibility is 

possible and film formation is less affected by substrates. Liu et al. applied 

hydrothermal pretreatment to precursor solution in order to obtain highly b-oriented 

MFI films and to hinder twin growth using secondary growth approach [64].   

Lee et al. prepared uniformly b-oriented monolayers of silicalite crystals on glass 

substrates by using fingerprinting. To strengthen the bonds between the substrates 

and zeolite crystals certain modification was applied to substrates or zeolite crystals. 

While silicalite-1 was modified Trimethylpropylammonium (TMP
+
) groups, glass 

substrates were modified with butyrate (Bu
-
) groups forming ionic bonding. 

Hydrogen bonding was formed between the surface hydroxyl groups of bare zeolite 

and bare glass. Another hydrogen bonding existed between the zeolite hydroxyl 

groups and poly(ethyleneimine) (PEI) and PEI and the hydroxyl groups of bare glass 

substrates. These ionic and hydrogen bonding were the most effective bonding types 

for monolayer formation [90].  

Wang et al. produced b-oriented MFI monolayer films on metal substrates by using 

in-situ crystallization. Since MFI crystals have channels along b-axis, it was crucial 

to producing b-oriented MFI films. They investigated the parameters affecting film 

formation such as synthesis temperature, surface roughness, position and chemistry 

of the substrate, aging time. At lower crystallization temperature some a-oriented 

crystals were also obtained. Reaction time and temperature were optimized for b-

oriented MFI film formation. They polished the substrate surface to investigate the 

effect of surface roughness on the orientation of the crystals and obtained b-oriented 

MFI monolayers with these two substrates. However, MFI monolayers had higher 

quality without curvature of the substrate. In order to investigate the position of the 

substrate, the substrates were placed vertically and horizontally resulting in the 
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formation of b-oriented MFI monolayer films for both positions. Aluminum alloy 

and gold substrates were utilized to see the effect of substrate chemistry on the film 

orientation. The only vertically placed aluminum substrate provided the formation of 

b-oriented MFI monolayer films. Aging time was another parameter affecting the 

crystal size. The more the aging time was, the larger the crystals were obtained. At 

an optimized aging time, b-oriented MFI monolayer films were obtained [55]. 

Yilmaz et al. obtained b-oriented ETS-4 films on alfa-alumina and titania substrates 

by using secondary growth approach. The pore channel system and …Ti-O-Ti-O-

Ti… chains in the structure of ETS-4 is in b-oriented. Therefore, it is important to 

prepare b-out-of plane ETS-4 films for applications. It was demonstrated that seed 

layer on alfa alumina is partially b-oriented; while seed layer on titania substrate is 

partially a- and c-oriented. After hydrothermal treatment of seed layers, b-oriented 

ETS-4 films were obtained on both alfa-alumina and titania substrates. They claimed 

that secondary growth conditions are more effective than seed layer orientation for 

the formation of ETS-4 films [89]. 

Lin et al. studied on the formation of ETS-10 membranes on different types of 

substrates for water/alcohol pervaporation experiments by using secondary growth 

approach. XRD patterns of pure ETS-10 powder and ETS-10 membrane were 

demonstrated in Figure 2.1 [91].  
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Figure 2.1. XRD patterns of ETS-10 in powder form and ETS-10 membrane [91] 

 

Certain peaks with different intensities were obtained in the XRD pattern of ETS-10 

membrane with respect to ETS-10 powder through preferred growth direction. The 

(004) reflection was almost insignificant which indicates c-orientation. CPO was 

calculated for a quantitative analysis for orientation. Accordingly, CPOx/y=((Ix/Iy)m)-

(Ix/Iy)p)/(Ix/Iy)p was defined where I indicates the integrated intensity corresponding 

to x and y peaks; m and p represent membrane and powder form, respectively. a and 

b can be taken as equal due to the tetragonal structure of ETS-10. CPO200/105 was 

calculated as around 20 for ETS-10 indicating ETS-10 has a(or b)-out-of-plane 

preferred orientation. The main channels of ETS-10 is parallel to a or b orientation, 

a(or b)-out-of-plane preferred orientation can enhance membrane properties [91]. 

Galioglu et al. prepared oriented ETS-10 films on ITO-coated glass substrates by 

using secondary growth approach. They coated seed layer by 1-time, 2-times, and 3-

times by dip-coating method and applied hydrothermal growth to seed crystals for 

ETS-10 formation. It was observed that the intensities of XRD peaks of ETS-10 

powder have differences with respect to ETS-10 film (Figure 2.2) [54].  
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Figure 2.2. XRD patterns of bare ITO glass substrate (a), ETS-10 powder (b), seed layers deposited 

on the ITO  glass substrate using 1 (c), 2 (d), and 3 (e) dip coating steps, and films after secondary 

growth of seed  layers deposited via single (f), double (g),and triple (h) dip coating [54] 

 

While the intensities of 105, 116, and 204 peaks decreased, the intensity of 200 peak 

increased indicating a(b)-out-of-plane orientation. CPO was also calculated for 

quantitative analysis of the degree of the a(b)-out-of-plane orientation. Accordingly, 

CPO200/105=((I200/I105)f-(I200/I105)p)/(I200/I105)p) was defined. It was observed that CPO 

values decreased with the increasing number of dip-coating steps which is consistent 

with the literature [54]. 

CPO is calculated based on (200) and (105) reflections to determine the degree of 

a(b)-out-of-plane preferred orientation since ETS-10 has a tetragonal structure where 

a and b are equivalent. The intensity of (105) plane is used for the calculation of 
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CPO instead of (004) plane due to its very low intensity as shown in Figure 2.2. 

Therefore, the plane making the lowest angle with (004) plane is determined using 

the equation 2.1.  

                    cos ϴ=
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                   Equation 2.1 

                                                                                                

Figure 2.3 demonstrates a sketch for the positions of the crystallographic planes. 

 

Figure 2.3. A sketch for crystallographic planes 

 

Table 2.1 was also created to demonstrate the angle between the crystallographic 

planes. 
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Table 2.1. The angle between the crystallographic planes 

Plane Angle (Φ) Lowest Angle with (004) Plane 

(200) and (004) 90°  

(109) and (004) 22° 1 

(1110) and (004) 27.3° 2 

(105) and (004) 36° 3 

(116) and (004) 40.7° 4 

(208) and (004) 42.4° 5 

(217) and (004) 49.4° 6 

(204) and (004) 61.2° 7 

(224) and (004) 68.8° 8 

(202) and (004) 74.7° 9 

 

Accordingly, (105) plane was determined as the plane making the lowest angle with 

(004). Thus, CPO is calculated based on (200) and (105) reflections and defined as 

CPO200/105=((I200/I105)f-(I200/I105)p)/(I200/I105)p), where I depicts the intensity of the 

particular planes and f, and p depicts film and powder, respectively. 

Photocatalytic activity is most likely dependent on the crystal growth direction of the 

crystal planes due to the fact that photocatalytic reactions occur at the interface 

between catalyst surface and organic pollutant [18]. Cations and anions might 

separate from each other through different surface orientations affecting surface 

chemistry, i.e. adsorption or reaction of molecules at the surface. Surface chemistry 

is crucial for heterogeneous photocatalysis. Different charge regions originate from 

different surface orientations. The possibility of recombination of electron-hole pairs 

decreases with large band bending at the surface. Different surface structures on the 

same material might give different photocatalytic activity. The change of charge 

transfer from the catalyst to the adsorbed molecule or the differences between charge 

separations may cause a difference in the photocatalytic activity. Electronic 
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anisotropy originated from the different orientations of different faces may induce 

photoexcited charge carriers to diffuse into desired crystallographic orientations. 

Thus, some faces might be photocatalitically more active [68]. Photocatalytic 

activity occurs at the interface between the catalyst surface and the pollutant. 

Therefore, photocatalytic activity was shown to be highly dependent upon the crystal 

orientation of the film produced for utilization as a photocatalyst. Accordingly, it is 

crucial to manipulate the crystal orientation for enhanced photocatalytic activity 

[18].   

Jang et al. investigated the relationship between crystal growth orientation and their 

photocatalytic activity. They promoted a morphology-controlled system for the 

growth of ZnO crystals as they tend to grow anisotropically. They also demonstrated 

that photocatalytic activity is dependent upon particular crystal planes. In this way, 

they synthesized nanorod, nanoplane, microrod, and dumbbell-shaped of ZnO 

crystals and obtained different ratios of polar and nonpolar faces. Nanoplates with 

the highest amount of polar Zn (0001) face showed the best photocatalytic activity 

for the photocatalytic formation of H2O2. This was explained by facile adsorption of 

oxygen molecules on this face. Besides, Zn ions are coordinated with hydroxide ions 

which will be replaced with oxygen molecules to form H2O2. The hole formed at the 

onset of the photocatalytic reaction reacts with a hole scavenger such as acetate and 

consequently methyl radical is formed which will form organic peroxide [18]. 

 

2.2.2. Effect of the Seed Layer Morphology and Seed Crystal Population on 

Film Formation 

Seed layer added to the synthesis mixture gives smaller zeolite crystals, facilitate 

zeolite growth, and increases crystallization. Thin zeolite films and membranes are 

prepared by coating the pre-seeded substrates with zeolite nanocrystals. Afterward, a 

hydrothermal treatment is applied to the seeded substrates. In this way, perfect 

control on zeolite film orientation, morphology, and crystal growth is obtained. It is 
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known that the type, size, shape, and orientation of the seed crystal affect zeolite 

film growth [92]. Smaller seeds cause better-intergrown zeolite membranes to be 

obtained. 

Crystal size and morphology affect the seed layer formation and consequently 

zeolite membrane. Seed layer becomes dense and homogenous with decreasing seed 

crystal size. Large or hexagonal-shaped seed crystals may cause a loose seed layer. It 

can be inferred that the quality of the seed layer is dependent on the size and 

morphology of seed crystals. Intergrowth of zeolite membranes grown from smaller 

seed crystals is better and smooth surfaces can be most likely obtained. Some defects 

and impurities come out during the formation of membranes using smaller seed 

crystals [58]. 

Qui et al. investigated the preparation, properties, and catalytic behavior of titanium 

silicalite-1 zeolites in powder and film form. They prepared titanium silicalite-1 in 

film form on alfa-alumina substrate without seeding and using two different seed 

crystals, i.e., titanium silicalite-1 and silicalite-1. While titanium silicalite-1 film 

with poor crystallization was obtained without seeding, well uniformly intergrown 

films were obtained after hydrothermal treatment of both seed crystals. The seeded 

films were demonstrated similar properties such as morphology, purity, etc. 

however, catalytic properties were different for styrene oxidation. Titanium 

silicalite-1 films obtained using silicalite-1 seed demonstrated almost two times 

selective behavior considering films obtained without seeding [92].  

Zhang et al. prepared silicalite-1 membranes on alfa-alumina substrates using five 

different sized seed crystals. They investigated the effect of seed size on the 

formation of the zeolite membrane as shown in Figure 2.4 [58].  
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Figure 2.4. FE-SEM images of the silicalite-1 membranes grown on substrates seeded with (a and b) 

100 nm, (c and d) 600 nm, (e and f) 1.5 µm, (g and h) 3.0 µm, and (i and j) 7.5 µm seed crystals [58] 
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More uniform and smooth seed layers and consequently zeolite membrane surfaces 

were obtained using smaller seed crystals as shown in Figure 2.4. The use of 

oversized seed crystals caused zeolite membranes with voids and defects [58]. 

Li et al. investigated the seed layer concentration on the formation of silicalite-1 

membranes. At low concentration rate, a loose structure of the zeolite membrane was 

obtained. With the increasing level of seed concentration, a denser seed layer and 

consequently thicker and more uniform zeolite membrane were obtained. Further 

increase of the seed concentration caused seed layer crystals to overlap with each 

other resulting in the formation of cracks on the zeolite membrane. They proposed 

that seed concentration affects the quality of the seed layer in parallel with the 

quality of zeolite membrane [93]. 

The performance of a zeolite film is affected by the orientation of the crystal 

constituting the zeolite film due to the fact that the pore system alters with the 

orientation of the crystals. Therefore, it is necessary to control the orientation of the 

crystal constituting the zeolite. Hedlund et al. succeeded to grow silicalite-1 films 

using silicalite-1 seed crystals with three different dimensions. Seed crystals were 

coated on a silicon wafer to form half-monolayer, monolayer or bilayer. 

Subsequently, hydrothermal treatment was applied to the seeded substrates. Thicker 

films were obtained as a result of the utilization of large seeds. When seed crystals 

with same dimensions were used, monolayer or half-monolayer coating of the seed 

layer could not change the thickness of the zeolite film. However, thicker films were 

obtained by using bilayer seed coating. The crystals constituting the zeolite films did 

not have characteristic silicalite-1 morphology due to the fact that crystal size was 

almost the same as the film thickness decreasing the possibility of lateral growth. 

The number of zeolite crystal per unit area decreases with increasing film thickness. 

This was clearly observed when the largest seed crystals were used. A continuous 

zeolite film could not be obtained when a half-monolayer seed layer was used. 

Besides, the growth of seed crystals was in every dimension and the characteristic 

morphology of seed crystals was no longer observed. In this study, it was identified 



 

 

 

43 

 

that the control of the amount and the orientation of seed crystals could provide 

control over the crystal constituting the zeolite film [94]. 

Wong et al. indicated that seed concentration along with the chemistry of synthesis 

and crystallization conditions is significant for the morphology and orientation of the 

crystals constituting zeolite film. That way, they synthesized TPA-silicalite-1 

crystals as seed and coated the seed crystals on Si wafers such that each Si wafer has 

different concentration of seed crystals. Then, hydrothermal treatment was applied to 

seeded substrates. Crystal grains generally grow towards synthesis solution. 

According to competitive growth model, the competition between the neighboring 

grains determines the growth of each grain and the morphology and the orientation 

of the ultimate zeolite film. More growth center is formed with an increasing amount 

of seed causing a greater competition for nutrient and space affecting zeolite growth 

strongly. It was observed that crystal intergrowth is increased but crystal size is 

decreased due to competition. A change in the crystal morphology was also observed 

with increasing amount of seed crystals [95]. 

Xomeritakis et al. produced polycrystalline MFI films on porous alfa-alumina and 

non-porous glass substrates using secondary growth and in-situ approach. 

Microcrystalline MFI crystals were coated on the alfa-alumina substrates, and 

hydrothermal treatment was applied to the seeded substrates in secondary growth 

method. In situ method was applied on non-porous glass substrates without the use 

of seed crystals. A comparison between the films produced with or without seed 

layer was carried out for structural formation and permeability properties for butane 

isomers. The obtained films under secondary growth conditions revealed columnar 

grain structure and low surface roughness. The presence of seed layer affected 

strongly the film structure under secondary growth conditions. Crystals grew in 

solution and on the surface of the substrate in the absence of the seed layer. 

Characteristic imperfections arising from the gaps in the seed layer were obtained in 

the films obtained by using secondary growth method. Intergrown polycrystalline 

MFI films could not be observed in the absence of seed layer as seen in the 
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secondary growth method. The orientation of the MFI crystals constituting the film 

was different for secondary growth and in situ method. In the presence of seed layer, 

seed particles begin to grow as soon as they contact with the secondary growth 

solution skipping the nucleation step. The nutrient and precursor contribute to crystal 

growth without forming new grains. Seed layer provides crystal growth without the 

need for nucleation and restricts the formation of new crystals. The quality of the 

films is dependent on the seed layer. The permeability performance of the film is 

highly affected by the orientation of the crystals constituting the film [96]. 

2.2.3. Effect of Molar Water Content on Film Formation 

Increasing the water amount in the synthesis mixture also increases the reaction time 

and decreases the crystallization rate. Larger crystals are obtained from dilute 

synthesis solutions. Dilution causes fewer nuclei to be obtained considering the 

initial conditions. It can be inferred that dilution could restrict the crystal nucleation. 

The decrease in the supersaturation level over dilution may cause this condition. 

High level of pH gives a low supersaturation level [97]. Increasing the water content 

results in an increase in the crystallization time, decrease the crystallization rate, and 

lower the supersaturation level. In the primary nucleation step, fewer nuclei are 

formed causing larger crystals to grow. In addition, increasing the water content 

causes an increase in the pH level of the solution suggesting a lower supersaturation 

level. These are the evidence that the morphology and the growth rates of the 

crystals are strongly affected by the composition of the secondary growth gel [98]. 

Wong et al. synthesized MFI zeolite films on seeded alfa-alumina substrates and 

investigated various parameters affecting the thickness and the orientation of the 

film. Clarification of these parameters is crucial for possible applications of zeolite 

membranes such as gas permeability. Molecular permeability of a zeolite is directly 

dependent on its pore structure. The size of the molecule is limited to the pore size 

giving the zeolite molecular sieving property. Thus, Wong et al. investigated the 

parameters silica precursor, organic template, water amount, and synthesis 
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temperature. Dilution process was carried out to understand the effect of water 

amount on the thickness and the orientation of the film. The other parameters were 

kept constant. Crystal growth rate and crystallinity decreased with an increasing 

amount of water. Further increase in the water amount hindered zeolite growth and 

seed layer was partially peeled off the surface. Consequently, it was observed that 

crystallinity and orientation are dependent on the water amount in the synthesis 

solution [95]. 

2.2.4. Effect of Ion Doping on Photocatalysis 

Doping enhances the adsorption of light in the visible region. A new energy state 

between the conduction band and valence band is formed and photogenerated 

electrons and holes are separated without recombination. Doping level plays an 

important role in the photocatalytic decomposition of various organic dyes as well as 

morphology, size, and defect concentration [79].  

Achouri et al. synthesized porous Mn-doped ZnO nanoparticles and investigated the 

effect of Mn
2+

 doping on the structural, optical and photocatalytic properties of ZnO. 

The optical absorption was shifted to the visible range of solar radiation through 

Mn
2+

 doping. The porous structure of Mn-doped ZnO nanoparticles gave a high 

specific surface area of the photocatalyst. Besides, the possibility of electron-hole 

recombination decreased due to the role of Mn
2+

 dopant as electron donor. 

Ultimately,  the number of •OH radicals increased resulting in an enhancement in the 

photocatalytic activity [79]. 

Liu et al. investigated the vacuum activated method to obtain photocatalytically 

active TiO2 under visible light irradiation. According to this method, V
4+

 and Ti
3+

 

were doped into the lattice structure of TiO2 to extend the wavelength over the 

visible range. It is known that vanadium is one of the most efficient elements to 

increase the photocatalytic effectiveness of TiO2. While V
4+

 cation was doped into 

the structure of TiO2, Ti
3+

 cations were created reducing Ti
4+

 cations. Ti
3+

 cations 

could increase charge carrier mobility and alter the e
-
/h

+
 recombination rate. 
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Therefore, V
4+

 and Ti
3+

 doped and photocatalytically active TiO2 under visible light 

irradiation was obtained using a vacuum activated method. No characteristic peaks 

pertained to vanadium were observed from XRD and Raman analyses indicating no 

deformation was formed originated from vanadium doping. However, absorption 

shifted to longer wavelengths and broadened with an increasing amount of dopant 

revealing impurity formation induced by doping [99].  

2.3. Photocatalytic Performance of Microporous Titanosilicate ETS-10 and 

Microporous Vanadosilicate AM-6 

Microporous titanosilicate ETS-10 and microporous vanadosilicate AM-6 are 

gaining attention in photocatalysis thanks to their photo-excitable titanium and 

vanadium units, respectively. Recently, photocatalytic activity under UV light 

irradiation was obtained when ETS-10 was used as photocatalyst due to its relatively 

large bandgap (i.e., 4.03 eV) in comparison with TiO2 (i.e., 3.2 eV) causing 

photocatalytic activity only under UV irradiation [100]. Tailoring AM-6 as a better 

candidate for photocatalytic applications would be more likely due to its relatively 

narrower bandgap and multiple oxidation states of vanadium in its structure [101]. 

The reason for the photocatalytic activity of vanadium silicate AM-6 under visible 

light is the amount of V
5+ 

cations present in the …V-O-V-O-V… wires in its 

structure [50]. Between the energy bandgap, a mid-gap state is formed, which is 

occupied by the extra electron produced due to the existence of a V
4+

 state in the 

structure. However, this mid-gap state is unoccupied and performs as an electron 

trap in the presence of V
5+

 cation. Moreover, the presence of V
5+

 causes a lower 

conduction band energy level resulting in enhanced photocatalytic activity in the 

visible region [25]. When a photocatalytic system with metal nanoparticles irradiated 

by light, photoexcited electrons are trapped by these nanoparticles leaving holes 

which then oxidize organic compounds. Extension of light absorption into the visible 

range and enhancement of the surface electron excitation due to the surface plasmon 

resonance effect are also possible through the incorporation of metal nanoparticles 

[25].  
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Uma et al. utilized ETS-10 and metal ion incorporated ETS-10 as photocatalyst for 

the photocatalytic decomposition of acetaldehyde under UV and visible light 

irradiation. While ETS-10 without incorporation of metal ion showed photocatalytic 

performance only under UV irradiation, photocatalytic activity was obtained under 

visible light irradiation when Cr or Co incorporated ETS-10 was used as 

photocatalyst [100]. 

Ji et al. investigated the photocatalytic activity of ionic and/or metallic silver 

incorporated ETS-10 under visible light irradiation for the decomposition of MB and 

tried to clarify the role of silver in this process. First, incorporation of Ag
+
 cation to 

as-synthesized ETS-10 was carried out and Ag
+
-ETS-10 samples were obtained. 

Then, Ag
+
 cation was reduced to Ag

0
 and Ag

0
 nanoparticle incorporated samples 

were obtained. There was no significant morphological or crystallographic 

disruption of the samples in consequence of ion or nanoparticle incorporation. While 

as-synthesized ETS-10 showed no photocatalytic activity, an enhanced 

photocatalytic activity for the decomposition of MB under visible light irradiation 

was observed when Ag
+
 and Ag

0
 incorporated ETS-10 samples were used as 

photocatalysts. All of the Ag
+
 incorporated ETS-10 samples were photocatalytically 

active under visible light irradiation. Moreover, photocatalytic activity increased 

with an increasing amount of silver loading. It was observed that Ag
0
 nanoparticles 

were also formed during the decomposition of MB when Ag
+
 incorporated ETS-10 

was used as photocatalyst. All of the Ag
0
 incorporated ETS-10 samples were also 

photocatalytically active under visible light irradiation. However, photocatalytic 

activity did not increase with an increasing amount of silver loading. An average 

silver loading provided the most efficient photocatalytic activity. The reason for the 

photocatalytic activity under visible light irradiation is that silver nanoparticles in 

metallic form act as an electron trap. The Schottky barrier is formed at the interface 

of metal-semiconductor and so, silver nanoparticles remove electrons from the 

irradiated semiconductor surface. Photoexcited electrons are introduced either to 

silver nanoparticles or the conduction band of ETS-10. These electrons reduce Ag
+
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to Ag
0
 and react with oxygen adsorbed on the surface of silver nanoparticles 

producing reactive oxygen radicals. Silver nanoparticles transfer the trapped 

electrons to adsorbed oxygen. A strong local electric field could be formed by silver 

nanoparticles through surface plasmon resonance effect [15]. 

Guo et al. synthesized AM-6 crystals with different concentrations of VO4 

tetrahedral units in the presence of F
-
 ions. These crystals showed absorption 

property in the visible range which is unusual for AM-6 crystals. It was stated that 

unusual optical properties arising from the interactions between octahedral …V-O-

V-O-V… chains and tetrahedral VO4 units caused the absorption in the visible 

range. The presence of VO4 units and the optical properties of AM-6 were 

demonstrated using various characterization techniques and theoretical calculations. 

They observed that the intensity of Raman peak pertaining to V=O stretching 

vibration in the tetrahedral unit increased with an increased amount of F
-
 ions. 

Theoretical calculations revealed that the absorption in the visible range is originated 

from the electronic transition from octahedral …V-O-V-O-V… chains to VO4 

tetrahedral units [41]. 

Shough et al. investigated the properties of pure ETS-10 and vanadium incorporated 

ETS-10 using experimental data and theoretical calculations. Octahedrally 

coordinated V
IV

 and V
V
 were observed in the structure of vanadium incorporated 

ETS-10. This demonstrated that the change occurred only in the sites of Ti
IV

. It was 

observed that vanadium incorporation induced major changes in the structure of 

ETS-10. There is a need for the presence of both V
IV

 and V
V 

sites due to the unstable 

nature of V
V
-O-V

V
-O-V

V
 chains. V

IV
 and V

V 
sites act as hole and electron trapping 

sites, respectively. The enhanced photocatalytic activity was expected at low 

vanadium concentrations due to the enhanced charge separation. At high vanadium 

concentrations, a decrease in the photocatalytic activity was expected due to the 

increase in the recombination rate. The presence of electron and hole trapping sites 

could decrease the possibility of recombination [72].  
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Nash et al. incorporated different amounts of vanadium into the structure of ETS-10. 

They investigated the photocatalytic performance of vanadium incorporated ETS-10 

and identified the differences between their effectiveness and the performances of 

bare ETS-10 and TiO2. They obtained samples with various amounts of V
4+

 and V
5+

 

cations having photocatalytic activity under visible light irradiation for the 

polymerization of ethylene. The structural damage created by the incorporation of 

vanadium into the structure of ETS-10 was demonstrated by several analyses such as 

Raman spectroscopy and UV-vis absorption spectroscopy. The stretching vibration 

peak observed assigned to Ti-O-V vibration in Raman spectroscopy was assumed as 

evidence for defect creation in the sample structure. They also observed a decrease 

in bandgap energy as a result of vanadium incorporation. These results had led to an 

enhanced photocatalytic performance of the samples under visible light irradiation 

[43]. 

2.4. Defects: Creation and Performance 

The structure of the quantum wires (i.e., ...Ti-O-Ti-O-Ti... for ETS-10 or ...V-O-V-

O-V.... for AM-6) in the framework of a zeo-type material is noteworthy for 

particular applications and the qualification of a zeo-type material. In a defect-free 

crystal, the length of the quantum wires should have the same length of the crystal. 

However, defects cause discontinuities breaking these quantum wires at certain 

points [102,103].  

Yilmaz et al. defined the perfection of the quantum wires of ETS-10 as the quality of 

these crystals. They compared the differences between the growth mechanism of the 

quantum wires and spectroscopic behavior of ETS-10 resulting from different 

synthesis conditions. They changed the amount of Na2O in the molar formula of 

ETS-10. The obtained crystals had different morphologies, aspect ratios, and surface 

roughness. Spectroscopic behavior of ETS-10 was investigated by using DR-UV-vis 

spectra and Raman analysis was performed to control the quality of titania chains in 

the structure of ETS-10 by Yilmaz et al (Figures 2.5 and 2.6) [102].  



 

 

 

50 

 

 

 

Figure 2.5. The DR-UV–vis spectra of the ETS-10 samples with molar composition 

5.5SiO2:yNa2O:1TiO2:1.5KF:3.4H2SO4:300H2O, where y = 4.4 (a) and y = 5.1 (b). Dotted and dashed 

lines represent deconvolution of the (a) and (b) spectra, respectively [102] 

 

The DR-UV-vis spectra contain two overlapping peaks as shown in Figure 2.5. The 

absorption band centered at around 212 nm is related to charge transfer transitions in 

Ti-O-Si groups. The absorption band observed at shorter wavelength indicates 

delocalized charge transfer transitions in ...Ti-O-Ti-O-Ti... chains. This implies the 

differences in the length of quantum wires and interruption of the titania chains. The 

other absorption band observed at longer wavelength indicates localized charge 

transfer transitions caused by defects along titania chains. This band broadens with 

roughness and aspect ratio of the ETS-10 crystal. These two overlapping peaks 

increase by means of intensity and FWHM values when titania chains are interrupted 

and the number of defects increases [102]. 

Yilmaz et al. also performed Raman analysis to control the quality of titania chains 

as shown in Figure 2.6 [102]. 
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Figure 2.6. The Raman spectra of the ETS-10 samples with molar composition 

5.5SiO2:yNa2O:1TiO2:1.5KF:3.4H2SO4:300H2O, where y = 4.4 (a) and y = 5.1 (b) [102] 

 

The Raman shift associated with Ti-O-Ti streching vibration was observed in 

between 710-750 cm
-1

. The FWHM value of this stretching vibration band was also 

determined. This band got broader for ETS-10 crystals with higher roughness and 

aspect ratio [102]. 

Jit Datta et al. aimed to synthesize large ETS-10 crystals involving long titania 

chains without defects. They investigated the quality of titania chains using 

frequency, bandwidth, and intensity of Raman shift band arising from Ti-O-Ti-O-Ti 

stretching vibration. They claimed that frequency increases when the relative 

average length of the quantum wire decreases, bandwidth decreases with the 

inhomogeneity of the chains, and intensity increases with the density of the quantum 

wire. They synthesized ETS-10 crystals with different crystal size and chain length 

by changing the amount of KF in the synthesis mixture. They obtained that KF plays 

an important role in the formation of ETS-10 causing an increase in the crystal size 

upon decreasing KF concentration. However, crystal size decreases and the surface 
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becomes very rough when KF is completely removed from the synthesis solution 

[103].  

Xamena et al. utilized ETS-10 for obtaining shape-selective heterogeneous 

photocatalysis. Excellent diffusion properties and regular pore structure endow ETS-

10 to have shape-selective property. For molecules larger than the pore size of ETS-

10, degradation becomes faster due to the reason that diffusion occurs at the internal 

surface of the material. Molecules smaller than the pore size of ETS-10 diffuse in the 

pores and cannot degrade due to the fact that degradation occurs at the external 

surface of the material. Thus, the pores of ETS-10 act as a protector for 

photocatalytic decomposition of small molecules enabling shape-selective behavior 

for ETS-10. Based upon this property of ETS-10, Xamena et al. investigated defect 

creation in the structure of ETS-10 in order to enhance their photocatalytic reactivity 

by post-synthesis modification of ETS-10 with hydrofluoric acid without damaging 

crystallinity. They observed an increase in the amount of TiOH at the external 

surface of ETS-10 with the increasing amount of defect. ETS-10 with defects 

showed enhanced photocatalytic activity with respect to pure ETS-10 for the 

decomposition of organic molecules. Besides, defect creation was assigned for the 

shape-selective behavior of the samples [104]. 

2.5. Goal and Objectives 

The goal of this study is first to successfully obtain microporous vanadosilicate AM-

6 in thin film form and then tailor the concentration of defects in the structure of 

AM-6 films in order to investigate their performances as photocatalysts for 

photocatalytic decomposition of MB. The objectives to achieve this goal can be 

summarized as follows: 

 To prepare microporous vanadosilicate AM-6 films on ITO coated glass 

substrates through secondary growth method without impurity, 

 To investigate the effects of water amount and reaction temperature 

on the formation of microporous vanadosilicate AM-6 films, 
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 To investigate the parameters affecting defect formation (V
4+

/V
5+

) in the 

AM-6 films, 

 To change the chemistry of secondary growth gel and explore its 

effect on the formation of microporous vanadosilicate AM-6 films, 

V
4+

/V
5+

 ratio, and its photocatalytic performances,  

 To investigate the parameters (i.e., the morphology of the seed 

crystals, seed layer coating technique, and water amount of the 

secondary growth solution) affecting V
4+

/V
5+

 ratio in the structure of 

microporous vanadosilicate AM-6 films, 

 To identify the photocatalytic performances of microporous vanadosilicate 

AM-6 films with different V
4+

/V
5+

 ratio. 
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CHAPTER 3  

 

3. EXPERIMENTAL PROCEDURES 

 

The experimental procedure with prepared sample codes for the current thesis study 

is shown in Figure 3.1 and the abbreviations are summarized in Table 3.1. 

3.1. Synthesis of Submicrometer-Sized ETS-10 with Different Morphologies 

(i.e., bipyramidal and cubic) 

The synthesis of bipyramidal-shaped ETS-10 crystals was carried out according to 

the procedure stated by Lv et al. [35]. The molar formula 

3.4Na2O:1.5K2O:TiO2:5.5SiO2:150H2O was used keeping the pH value at around 

10.4. For the synthesis of ETS-10, no additional seeds or organic template were 

needed. For the preparation of silicon source, sodium silicate (27 wt. % SiO2, 8 wt. 

% Na2O, and 65 wt. % H2O, Aldrich), NaOH and KOH were dissolved in DI water 

by hand-shaking. In another bottle, P25 (76wt% anatase and 24wt% rutile, Degussa) 

was dissolved in DI water by hand-shaking. These two solutions were combined and 

mixed to form a homogenous mixture. Following the hydrothermal treatment in the 

10 mL Teflon-lined stainless-steel autoclaves at 503 K for 5 days, the precipitation 

was collected and washed with DI water and dried at 373 K in an oven. The molar 

formula 5.3SiO2:1TIP:8.5NaOH:1.46KF:2.3H2SO4:370H2O stated by Jeong et al. 

[52] was used for the synthesis of cubic-shaped ETS-10 crystals. Ti(iPrO)4, H2SO4, 

and DI water was added in an Erlenmeyer flask. The mixture was boiled for 60 

minutes keeping the concentration constant. For the preparation of silicon source, 

NaOH was dissolved in DI water as a first step. Then, sodium silicate was added into 

this mixture. Titanium source was added into the silicon source. After aging for 18 h, 

hydrothermal treatment was applied to the gel at 473 K for 24 h. The solid was 

collected from the solution, washed with DI water, and dried at 373 K in an oven. 



 

 

56 

 

 

 

Figure 3.1. Schematical view of the experimental procedure 

 

 
Notation Definiton 

 

S1-F1 
S Seed Layer Morphology 

F Secondary Growth Gel Formula 
S1-F2 

T Reaction Temperature 

W Molar Water Content of the Secondary Growth Gel 

S1-F3 
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Table 3.1. Interpretation of the experimental procedure for the preparation of AM-6 films  

 

Abbreviations Molar Compositions Type of seed 

crystal 

Seed layer 

coating technique 

Reaction  

Temp. (K) 

Ref. 

S1-F1 4.5Na2O:1.3K2O:4.85SiO2:0.5V2O5:2.2TMAOH:209H2O Bipyramidal ETS-10 Spin-coating 503 [48] 

S1-F1-W1 4.5Na2O:1.3K2O:4.85SiO2:0.5V2O5:2.2TMAOH:209H2O Bipyramidal ETS-10 Spin-coating 503 [48] 

S1-F1-W2 4.5Na2O:1.3K2O:4.85SiO2:0.5V2O5:2.2TMAOH:209H2O Bipyramidal ETS-10 Spin-coating 503 [48] 

S1-F1-T1 4.5Na2O:1.3K2O:4.85SiO2:0.5V2O5:2.2TMAOH:209H2O Bipyramidal ETS-10 Spin-coating 528 [48] 

S1-F2 Na2O:0.23K2O:0.97SiO2:0.1V2O5:30H2O Bipyramidal ETS-10 Spin-coating 503 [49] 

Ag
0
-S1-F2 Na2O:0.23K2O:0.97SiO2:0.1V2O5:30H2O Bipyramidal ETS-10 Spin-coating 503 [49] 

S1-F3 6.07SiO2:V2O5:3.37H2SO4:3.03Na2O:3.09K2O:7.22EtOH:415H2O Bipyramidal ETS-10 Spin-coating 528 [41] 

S2-F3 6.07SiO2:V2O5:3.37H2SO4:3.03Na2O:3.09K2O:7.22EtOH:415H2O Cubic ETS-10 Spin-coating 528 [41] 

S1-dip1-F3 6.07SiO2:V2O5:3.37H2SO4:3.03Na2O:3.09K2O:7.22EtOH:415H2O Bipyramidal ETS-10 Dip-coating 528 [41] 

S1-dip2-F3 6.07SiO2:V2O5:3.37H2SO4:3.03Na2O:3.09K2O:7.22EtOH:415H2O Bipyramidal ETS-10 Dip-coating 528 [41] 

S1-F3-W1 6.07SiO2:V2O5:3.37H2SO4:3.03Na2O:3.09K2O:7.22EtOH:300H2O Bipyramidal ETS-10 Spin-coating 528 [41] 

S1-F3-W2 6.07SiO2:V2O5:3.37H2SO4:3.03Na2O:3.09K2O:7.22EtOH:600H2O Bipyramidal ETS-10 Spin-coating 528 [41] 

S1-F3-W3 6.07SiO2:V2O5:3.37H2SO4:3.03Na2O:3.09K2O:7.22EtOH:700H2O Bipyramidal ETS-10 Spin-coating 528 [41] 

ETS-10 4.55Na2O:TiO2:5.50SiO2:1.5KF:300H2O Bipyramidal ETS-10 Spin-coating 503 [40] 
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3.2. Thin Film Preparation of Microporous Titanosilicate ETS-10 and 

Microporous Vanadosilicate AM-6 

3.2.1. Effect of Chemical Formula of the Secondary Growth Gel 

In the secondary growth approach, two-step procedure was applied in the film 

production: seed layer formation (ETS-10 seeds; Section 3.1) and secondary growth 

of the seed crystals. The common procedure for every part of the study was the 

cleaning process of ITO coated glass substrates. The substrates (Aldrich, purity 99%, 

resistivity 10 ohm/sq, ~10 mm × ~25 mm) were cleaned ultrasonically in acetone, 

ethanol, and 2-propanol each for 15 minutes. Then, they were dried in an oven at 353 

K for 20 minutes. The substrates were then coated with seed crystals and 

hydrothermal growth is applied for the growth of AM-6 films. Figure 3.2 shows an 

illustration for secondary growth approach. 

 

Figure 3.2. Illustration for the preparation of microporous vanadosilicate AM-6 films 
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First, a suspension of as-synthesized ETS-10 crystals with bipyramidal shape (7wt. 

% in ethanol) was used as seed solution and deposited by spin-coating on the pre-

cleaned ITO coated glass substrates [35]. In the preparation method of ETS-10 seed 

crystals, the molar composition of 3.4Na2O:1.5K2O:TiO2:5.5SiO2:150H2O:0.3H2SO4 

was used [35]. After the spin-coating process, the seeded ITO coated glass substrates 

were heated isothermally in a calcination oven from 303 K to 673 K for 540 minutes. 

For AM-6 film preparation, the seeded ITO coated glass substrates were then placed 

in the reaction vessels of AM-6 growth solutions [40,48,49]. For this purpose, the 

seeded substrates facing downwards were placed diagonally in the 10 mL Teflon-

lined stainless-steel autoclaves (Figure 3.2).  

Three different secondary growth gels stated by Sacco, Jr. et al., Yoon et al., and 

Rocha et al. were prepared as explained in the literature and poured carefully into the 

autoclaves [40,48,49]. Then, hydrothermal treatments were applied at 528 K for 5 h, 

503 K for 2 h, and 503 K for 48 h following the procedure of Yoon et al., Sacco, Jr. 

et al., and Rocha et al., respectively [40,48,49]. After cooling down the autoclaves to 

room temperature, the films on ITO coated glass substrates were removed from the 

secondary growth gel, rinsed with deionized water and dried using an air gun. 

Microporous vanadosilicate AM-6 films prepared by using bipyramidal-shaped ETS-

10 crystals as seed and the adapted procedures of Sacco, Jr. et al., Rocha et al., and 

Yoon et al., were denoted as S1-F1, S1-F2, and S1-F3, respectively. Afterward, the 

reaction temperature and amount of water in the growth solution were altered to 

investigate their effect on film formation using S1-F1 due to its relative easiness of 

formation and short reaction time. The water amount in standard 

4.5Na2O:1.3K2O:4.85SiO2:0.5V2O5:2.2TMAOH:209H2O molar composition was 

decreased to 150 and increased to 300 for concentrated and diluted secondary growth 

gels, respectively. The diluted and concentrated S1-F1 films were denoted as S1-F1-

W1 and S1-F1-W2, respectively. The reaction temperature was kept constant at 503 

K for both S1-F1-W1 and S1-F1-W2. Then, the formation of S1-F1 was studied at 

lower and higher reaction temperatures of 473 and 528 K. There was no film 
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formation at 423 K in 2 h of reaction, so longer reaction periods were also tested at 

this temperature. At 528 K, it was possible to obtain the films, which were denoted 

as S1-F1-T1 after 1 h of reaction time (vide infra). 

3.2.2. Effect of Seed Crystal Morphology 

Cubic-shaped ETS-10 crystals were prepared following the procedure proposed by 

Jeong et al. [52]. A suspension of the ETS-10 crystals (7 wt % in ethanol) was 

prepared and spin-coated (2-times) on pre-cleaned ITO coated glass substrates. The 

seeded substrates were then dried in ambient air and afterward calcined at 673 K for 

540 minutes. Then, the seeded substrates were placed vertically and facing 

downwards in 10 mL Teflon-lined stainless-steel autoclaves for hydrothermal 

growth of seed crystals. In this part of the study, only the secondary growth gel 

denoted as F3 was prepared to investigate the effect of seed morphology on film 

formation (Figure 3.3). Thus, the other parameters were kept constant. The 

microporous vanadosilicate AM-6 films produced in this part of the study was 

denoted as S2-F3 and compared with S1-F3 with regards to their structural 

differences and photocatalytic effectiveness. 

 

 

Figure 3.3. Illustration for microporous vanadosilicate AM-6 film formation using seeds with 

different morphologies 
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3.2.3. Effect of Seed Layer Coating Technique 

In the fourth part of the study, ETS-10 crystals with bipyramidal shape were used as 

seed layer [35]. A suspension of the ETS-10 crystals was coated on pre-cleaned ITO 

coated glass substrates by using spin-coating (2-times) and/or dip-coating (1-time 

and 2-times) method to see the effect of coating technique on film formation and 

their photocatalytic performances. The seeded substrates were then dried in ambient 

air and afterward calcined at 673 K for 540 minutes. Then, the seeded substrates 

were placed vertically and facing downwards in 10 mL Teflon-lined stainless-steel 

autoclaves for hydrothermal growth of seed crystals. The secondary growth gel 

denoted as F3 was prepared and poured into the autoclaves. Following the 

hydrothermal treatment at 528 K for 5 h, microporous vanadosilicate AM-6 films 

were rinsed with water and dried with air. 

3.2.4. Effect of Molar Water Content of the Secondary Growth Gel 

ETS-10 crystals with bipyramidal shape were used as seed layer [35]. A suspension 

of the ETS-10 crystals was coated on pre-cleaned ITO coated glass substrates using 

the spin-coating method. Then, the seeded substrates were placed vertically and 

facing downwards in 10 mL Teflon-lined stainless-steel autoclaves for hydrothermal 

growth of seed crystals. Afterward, the amount of water in the growth solution was 

altered to investigate their effect on film formation using S1-F3. The water amount 

in standard 6.07SiO2:V2O5:3.37H2SO4:3.03Na2O:3.09K2O:7.22EtOH:415H2O molar 

composition was decreased to 300 and increased to 600 and then 700 for 

concentrated and diluted secondary growth gels, respectively. The diluted and 

concentrated S1-F3 films were denoted as S1-F3-W1, S1-F3-W2, and S1-F3-W3 

respectively. The reaction temperature was kept constant at 503 K for all of the 

samples. 
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3.3. Evaluation of the Photocatalytic Activity 

3.3.1. Photocatalytic Performances of Microporous Titanosilicate ETS-10 and 

Microporous Vanadosilicate AM-6 Films under UV and Visible Light 

Irradiation 

The photocatalytic efficiencies of the synthesized materials were tested by 

measuring the removal percentage of an aqueous solution of MB as a model 

pollutant under both UV (6 W, 365 nm, Type Spectroline ENF-260, at a light 

intensity 350 µW/cm
2
) and visible light (300 µW/cm

2
 light-emitting diode, LED) at 

dye’s natural pH (pH=6) and room temperature (Figure 3.4).  

 

 

Figure 3.4. The system used for investigation of the photocatalytic activity of the samples under 

visible light irradiation 

 

Microporous vanadosilicate AM-6 thin films (S1-F2 and S1-F3) were prepared using 

two different molar formula for secondary growth gels according to the procedure 

already represented by our group (Section 3.2.1) [98]. S1-F1 could not be utilized as 

photocatalyst due to its loose adsorption on the substrate surface. In order to 



 

 

 

63 

 

investigate the effect of noble metal nanoparticle incorporation on the photocatalytic 

activity, silver nanoparticles were incorporated into S1-F2 and this sample was 

denoted as Ag
0
-S1-F2. For the preparation of Ag

0
-S1-F2, S1-F2 film was inserted in 

a 1 mM aqueous solution of silver nitrate (AgNO3) at room temperature for 4 hours. 

Afterward, the sample was washed with water and dried at room temperature. Then, 

it was placed in a 0.1 M aqueous solution of sodium borohydride (NaBH4) for 30 

seconds to reduce Ag
+
 ions into Ag

0
 nanoparticles. Finally, the sample was washed 

with 1 L ultra-pure deionized water and dried in ambient air.  

ETS-10 films were also prepared as photocatalysts for the decomposition of MB to 

compare the photocatalytic effectiveness of ETS-10 and AM-6 films. For the 

preparation of ETS-10 thin films, the procedure represented by Galioglu et al. was 

followed [54]. According to their procedure, a suspension of ETS-10 crystals (7 wt 

% in ethanol) was used for the formation of ETS-10 thin films. The suspension was 

spin-coated on pre-cleaned ITO coated glass substrates which were placed vertically 

and facing downwards in 10 mL Teflon-lined stainless-steel autoclaves. Afterward, a 

secondary growth solution was prepared and poured into the autoclaves. 

Hydrothermal growth was applied at 503 K for 6 h for the formation of ETS-10 thin 

films. 

The quartz vessel was illuminated with the lamp from 10 cm distance. Dark 

experiments were also carried out to know the degree of photodegradation upon 

adsorption of MB over the all photocatalyst thin films (ETS-10, S1-F3, S1-F2, and 

Ag
0
- S1-F2 thin films) under non-irradiation condition. The determined MB 

concentration after irradiation was compared with solutions kept during the dark 

experiments. 4 mL portion of 3.2 mg L
-1

 MB was placed in a quartz cell containing 

material (2 pieces, approximately 1 cm × 1 cm). The concentration and the amount 

of MB were chosen according to the literature data [73]. Before the irradiation, the 

reaction solution was stirred in the dark for 30 min to reach adsorption-desorption 

equilibrium between the organic molecule and the catalyst surface. The decrease in 

the concentration of MB has monitored over 60 min spectrophotometrically at λ = 
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668 nm (Hitachi-Ratio Beam Spectrophotometer U-5100) in the presence and 

absence of light. The remaining MB in the reaction mixture was determined at 

regular intervals of irradiation or dark experiments. Results are given as the mean of 

three replicates. Removal percentage of MB was calculated from equation 3.1: 

                    Degradation (%) = 
𝐶0−𝐶𝑡

𝐶0
× 100                 (Equation 3.1)                                                                                                  

Where; C0 is the initial concentration and Ct is the final concentration of dye after a 

certain treatment period (in the presence or absence of light). 

3.3.1.1. Reuse of AM-6 Thin Films 

Reusability tests of S1-F2 films were investigated for the MB under UV light 

irradiation in the second part of the study. After the first 60 minutes of treatment, the 

thin films were simply washed with water and reused in a new treatment at the same 

pollutant concentration. 

3.3.2. Photocatalysis under Solar Light 

In this part of the study, microporous vanadosilicate AM-6 films prepared in 

Sections 3.2.2, 3.2.3, and 3.2.4 were utilized as photocatalysts for the decomposition 

of MB. The photocatalytic performances of the films were investigated by evaluating 

the percent removals of MB dye at every 30 minutes up to 240 minutes under solar 

simulator at room temperature. Atlas solar simulator equipped with xenon arc lamp 

with 150 W power was utilized to investigate the photocatalytic effectiveness of the 

samples. The absorbance of methylene blue dye was measured after specified 

periods of time using a UV-Vis spectrophotometer SPECORD S600 in quartz 

cuvettes. 

The beakers were filled with 10 mL of 1 Absorbance MB dye and placed 10 cm 

from the light source (Figure 3.5).  
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Figure 3.5. The solar simulator system used for the investigation of the photocatalytic activities of 

microporous vanadosilicate AM-6 films 

 

The degradation of MB originated from the adsorption of dye over the film was also 

obtained at every 30 minutes up to 240 minutes through dark experiments. The 

percent removal of MB under irradiation and non-irradiation conditions was 

monitored by Spectrophotometer at a wavelength of 668 nm. The experiments were 

carried out by means of four replicates. The percent degradation of MB and 

degradation kinetics of MB on the photocatalysts was calculated using equations 3.1 

and 3.2, respectively: 

                    ln (
𝐶𝑡

𝐶0
) = 𝑘 × 𝑡𝑖𝑚𝑒(𝑚𝑖𝑛. )                          (Equation 3.2) 

Where; C0 is the initial concentration, Ct is the final concentration of dye after a 

certain treatment period, and k is the degradation kinetics of MB on photocatalysts. 
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3.4. Characterization Techniques 

Microporous vanadosilicate AM-6 and microporous titanosilicate ETS-10 films were 

characterized by various techniques such as Field Emission Scanning Electron 

Microscopy (FE-SEM), X-ray Diffraction (XRD), Raman Spectroscopy, Electron 

Micro Probe Analysis (EPMA), X-ray Photoelectron Spectroscopy (XPS), and UV-

Vis Absorption Spectroscopy. All characterization studies except UV-Vis 

Absroption Spectroscopy were carried out at METU central laboratory. UV-Vis 

Absorption Spectroscopy was done in our laboratory. 

3.4.1. Field Emmision Scanning Electron Microscopy 

The field emission scanning electron microscope (FE-SEM) images were acquired 

for AM-6 films using a Hitachi S-4700 FE-SEM (accelerating voltage 10 kV, beam 

current 10 μA) in the secondary electron imaging mode. The film cross-sections 

were imaged on the broken edges after breaking the films on ITO coated glass 

substrates. 

3.4.2. X-ray Diffraction  

The X-ray powder diffraction (XRD) analysis was carried out using Rigaku-Ultima 

IV XRD by using the thin-film attachment. The diffraction peaks were scanned 

between 5° and 40° with a scan speed of 1°/min. for phase identification. The degree 

of out-of-plane preferred orientation of AM-6 films were quantified by comparing 

the integrated intensities of (105) and (200) planes of AM-6 in the XRD patterns of 

the films and the powder sample. For orientation analysis, slow scan (i.e., 1°/8 min.) 

was carried out to obtain crystal preferred orientation (CPO) in XRD analyses.  The 

CPO index based on (200) and (105) reflections was calculated using the definition 

of CPO200/105=((I200/I105)f-(I200/I105)p)/(I200/I105)p for quantitative analysis of the degree 

of a(b)-out-of-plane preferred orientation, where, I depicts the integrated intensity of 

the corresponding reflections, the subscripts p and f represent powder sample 

(randomly oriented) and films (preferentially oriented), respectively [54,91]. The 

integrated intensity of XRD peaks was determined using the Rigaku-Ultima IV XRD 
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software. The field emission scanning electron microscope (FE-SEM) images were 

acquired for AM-6 films using a Hitachi S-4700 FE-SEM (accelerating voltage 2 

kV, beam current 10 μA) in the secondary electron imaging mode. The film cross-

sections were imaged on the broken edges after breaking the films on ITO coated 

glass substrates. 

3.4.3. Raman Spectroscopy 

Renishaw type Raman micro-scope was utilized in the Raman spectroscopy 

analyses, where the excitation wavelength of 532 nm and a power of 0.5 - 1 mW 

were chosen for the acquisition. 

3.4.4. Electron Micro Probe Analaysis (EPMA) 

Si/V ratios of microporous vanadosilicate AM-6 films were determined via electron 

microprobe (EPMA) analysis using the wavelength-dispersive Cameca SX50 

electron microprobe. Operating parameters were: 20 kV accelerating voltage, a 25 

nA current, and a 5-micron spot size. 

3.4.5. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) analysis was carried out on a PHI 5000 

VersaProbe spectrometer with an Al-Ka radiation source. The binding energies were 

referenced to the internal standard C 1s binding energy at 284.5 eV. XPS peaks are 

referenced to the C 1s peak. The sub-peaks under the high-resolution silver, 

vanadium, and titanium spectra were identified by using PeakFit v4.12. Gaussian–

Lorentzian functions fitted the high-resolution spectra of vanadium and silver after 

removal of the background by choosing two-point linear background function. The 

fitting percentages were adjusted to be 98.99% and 99.99% for high-resolution 

spectra of the vanadium and silver, respectively.  

3.4.6. Diffuse Reflectance UV-Vis Spectroscopy 

UV-visible absorption spectra of the films were acquired for ETS-10 and AM-6 

films by using an Agilent Technologies Cary 60 type UV-Vis spectrometer. The % 
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reflection values were collected for the wavelengths between 200-800 nm. 

Absorption spectra were obtained with Kubelka-Munk function transforming the 

reflection data to absorption data. The bandgaps of the films were calculated 

drawing Tauc plot for each sample [105]. Cut off wavelength of the absorption 

spectrum was also used to calculate the energy bandgap of the films using the 

equation 3.3. 

                                  𝐸 =
ℎ𝑐

𝜆
                     (Equation 3.3)                                     
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CHAPTER 4  

 

4. RESULTS AND DISCUSSION 

 

4.1. Secondary Growth of Microporous Vanadosilicate AM-6 Films 

Although the synthesis of AM-6 in powder form is well known, the preparation of 

AM-6 in membrane form had only been studied for the purpose of measuring their 

single gas permeability by Tiscornia et al. [53]. In the current study, membranes 

were prepared by adapting three procedures described elsewhere as secondary 

growth gels [40,48,49]. Rocha et al. synthesized AM-6 crystals by adding 

titanosilicate ETS-10 as seeds, isostructural to AM-6, to the growth solution of AM-

6 for the first time to obtain AM-6 crystals in the powder form [49]. Accordingly, 

relatively small-sized (i.e., 500 nm) titanosilicate ETS-10 crystals were attached on 

to the ITO coated glass substrates to prepare AM-6 films through secondary growth 

method. Samples with codes S1-F1, S1-F2, S1-F3, S1-F1-W1, S1-F1-W2, and S1-

F1-T1 were prepared in this part of the study (Table 3.1). 

4.1.1. The Effect of the Composition of Secondary Growth Gel on Film 

Formation 

4.1.1.1. Sample Characterization 

The prepared samples were first analyzed by FE-SEM and the obtained results are 

shown in Figure 4.1.  
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Figure 4.1. Top view and cross-sectional images of S1-F1 (a), (b); S1-F2 (c), (d); S1-F3 (e), (f), 

respectively 

 

FE-SEM images revealed that the growth of titanosilicate ETS-10 seed crystals 

attached on the ITO coated glass substrates resulted in a continuous and uniformly 

dispersed vanadosilicate AM-6 films without intercrystalline gaps. AM-6 films, 

having no cracks and pinholes, were firmly adhered to the ITO coated glass 

substrates resisting repeated washing without peeling off the surface. The exact same 
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secondary growth solutions for films were also subjected to the synthesis of powder 

AM-6 to compare the obtained material. It is noteworthy that S1-F2 had no 

impurities (vide infra) while F2 in powder form contained a high amount of quartz 

(Figure 4.2-b) [49]. Likewise, F3 resulted in mostly VSH formation along with some 

AM-6 upon applying the procedures given by Yoon et al. (Figure 4.2-c) [40]. 

 

 

Figure 4.2. XRD patterns of AM-6 samples in powder form F1(a), F2(b), F3(c). * indicates quartz 

impurity; * and * refer the peaks belonging to AM-6 and VSH, respectively 

 

Nevertheless, S1-F3 resulted in pure AM-6 film formation. All of these results can 

be attributed to the fact that seeds played a major role in the relatively fast 

crystallization of the secondary growth solution in comparison with the production 

of the AM-6 crystals in powder form where no seed exists [98]. In film formation, 

crystals grow over the existing seeds which promote crystal growth and improve 

crystallization [92,106].  
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Top views of the S1-F1 and S1-F2 films were quite similar, truncated bipyramidal-

shaped, with respect to S1-F3 (Figure 4.1), which can be attributed to the differences 

between the crystal growth rates in a-(b)-out-of-plane orientations versus c-

orientation. FE-SEM images (Figures 4.1 and 4.3) and CPO values proved that S1-

F3 has a higher growth rate in c-orientation resulting in bipyramidal-shaped 

intergrown crystals.   

 

 

Figure 4.3. Growth directions of ETS-10 crystals as seed (a), S1-F1 (b), and S1-F3 (c) 

 

It is well known that it is possible to control the direction and the rate of crystal 

growth by controlling the molar composition and concentration of the secondary 

growth gel. The molar compositions of secondary growth gels used in this section 

are shown in the composition diagram in Figure 4.4. 
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Figure 4.4. Composition diagram of 3 molar compositions: 

S1-F1,     S1-F2, and     S1-F3 (Table 3.1) 

 

The fact that samples S1-F1 and S1-F2 possess quite similar growth rates can arise 

from the close proximity of their gel compositions in the phase diagram as shown in 

Figure 4.4. However, the position representing S1-F3 is shifted, which means that 

the composition of V2O5 and Na2O + K2O were higher while the content of SiO2 was 

lower. Different molar compositions as also shown in the phase diagram can be 

attributed to the differences in morphology and orientation of the intergrown crystals 

(i.e., films) prepared through three different adapted molar formulas since molar 

composition and concentration affect both the morphology and crystal growth rate 

[106]. 

Furthermore, the temperature is also a crucial parameter affecting not only the 

crystal growth rate but also the crystal morphology. The reaction temperatures were 

503 K for S1-F1, S1-F2 while it was 528 K for S1-F3 films. Reaction time decreases 

with increasing temperature indicating that thermally activated reactions dominate 

crystallization [107]. 

The morphology and the molar composition of the S1-F1 and S1-F2 films were quite 

similar; however, the reaction time of former was only 2 h while the latter was 72 h. 

Crystallization in shorter time was attributed to the role of structure direction agent 

(SDA), tetramethylammonium hydroxide (TMAOH), used in the secondary growth 

gel of S1-F1 films, which involves ordering of water and silica. It is assumed that 
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these organic-inorganic composites structures participate in crystal growth and 

causes an increase in the crystal growth rate [107]. Further XRD analyses were 

carried out to figure out the morphological differences of AM-6 film growth.                                                                                                                                                                                                           

To determine purity and crystal orientation, XRD patterns were collected from the 

AM-6 films. Figure 4.5 demonstrates the XRD patterns of vanadosilicate AM-6 

films grown on the seeded substrates and the titanosilicate ETS-10 seed layer on ITO 

coated glass substrates. 

 

 

Figure 4.5. XRD patterns of ETS-10 (a), S1-F1 (b), S1-F2 (c), and S1-F3 (d) 

 

The positions of the XRD peaks of the samples match well with that of the ETS-10 

seed layer. The titanosilicate ETS-10 crystals in the seed layer were randomly 

oriented. The 2θ degree of ≈ 20º (i.e., (105) plane) observed in the AM-6 films 

relatively increased for S1-F3 film due to the tendency of crystals to grow in c 

direction (Figure 4.5-d). The intensity difference between the XRD patterns of the 
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samples is much more apparent when the peak belonging the (105) plane was 

magnified 20 times. The (004) plane makes an angle of 90° to the a and b axes, 

which are used to indicate growth in c direction [91]. However, as can be seen from 

the XRD patterns (Figure 4.5), the intensity of (004) plane is insignificant. Instead of 

using (004) plane, more intense (105) plane that makes a smaller angle with (004) 

plane can be used for examination of preferred orientation [91]. Thus, the increase of 

the peak intensity in (105) plane indicates the preferred orientation in the c direction. 

Accordingly, S1-F3 had the most intense (105) peak indicating the growth in S1-F3 

is preferably in the c direction. In order to examine it further, CPO values were 

calculated for each sample. 

CPO has been used for determination of the orientation qualitatively for several 

years. For instance, CPO values for ETS-10 membranes prepared on α-alumina 

substrates and ITO coated glass substrates were calculated [54,91]. Yilmaz et al. 

compared the peak intensities of (110) and (001) planes instead of calculating CPO. 

They concluded that the increase in the ratio of (110)/(001) was an indication of 

partial b-out-of plane oriented membranes. Conversely, a decrease in this ratio 

indicated (a, c)-out-of-plane orientation [89]. Hedlund et al. calculated CPO values 

to examine the changes in the orientation of the silicalite-1 membrane. They 

suggested that it is possible to control the orientation of the film by changing the 

seed size and the population of seed crystals [94]. It is desirable to choose the 

orientation of the layers, i.e. CPO axis, depending on the application [108].  

In order to investigate a-(b)-out-of-plane preferred orientation of the AM-6 films, the 

integrated intensity values of the (200) and (004) planes should have been compared 

since these two planes make an angle of 90° with each other. Instead, the CPO index 

was calculated based upon (200) and (105) planes, because the peak belonging to the 

plane (004) was inconvenient to use due to its very low intensity. Thus, the planes 

making the lowest angles with (004) plane were calculated and the most intense 

plane that makes the lowest angle with (004) plane was found to be (105) plane. 
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Thus, the integrated intensity values under the (200) and (105) planes were used for 

calculation of CPO values of AM-6 films.  

In order to calculate CPO values, integrated intensities of selected planes were 

identified for each AM-6 films. The CPO index based on (200) and (105) reflections 

was calculated using the well-known definition of CPO200/105=((I200/I105)f-

(I200/I105)p)/(I200/I105)p  for quantitative analysis of the degree of a(b)-out-of-plane 

preferred orientation [54,109]. In this equation, I depict the integrated intensity of 

the corresponding reflections and the subscripts of p and f represent powder sample 

(randomly oriented) and films (preferentially oriented), respectively [54,109]. 

Accordingly, the obtained results are shown in Table 4.1. 

 

Table 4.1. Si/V ratios, thicknesses, and CPO values of S1-F1, S1-F2, S1-F3, S1-F1-W1, S1-F1-W2, 

and S1-F1-T1 

Sample Si/V Thickness (µm) CPO200/105 

S1-F1 6.39 ± 0.02 2.03 ± 0.27 14.37 

S1-F2 5.52 ± 0.09 1.67 ± 0.11 7.66 

S1-F3 4.53 ± 0.07 1.29 ± 0.07 0.39 

S1-F1-W1 6.37 ± 0.04 1.54 ± 0.06 10.27 

S1-F1-W2 6.75 ± 0.10 1.31 ± 0.07 30.72 

S1-F1-T1 6.23 ± 0.06 2.48 ± 0.25 9.07 

 

As can be seen from the Table 4.1, the CPO200/105 value belonging to the S1-F1 film 

was the highest (i.e., 14.37) indicating the highest degree of a(b)-out-of-plane 

preferred crystal orientation while S1-F3 film has the lowest value (i.e., 0.39). The 

CPO200/105 values suggest that seed crystals grow much faster along a and b 

directions for the samples S1-F1 and S1-F2 films with respect to S1-F3 films.  

 



77 

The characteristic vibration band of the …V-O-V-O-V… (VO3
-2

) quantum wires of

the AM-6 films were detected via Raman analyses and the results are shown in 

Figure 4.6. 

Figure 4.6. Raman spectroscopy of ETS-10 seed layer (a), S1-F1 (b), S1-F2 (c), and S1-F3 (d) 

It is well known that VO3
-2 

quantum wires are characterized by the Raman Shift centered at

around 870 cm
-1

 giving an indication of quality (bandwidth) and length of the quantum wire 

(shift). Vanadium in the VO3
-2 

quantum wires has two oxidation states: V
4+

 (hole traps) and

V
5+

 (electron traps) [40]. The oxidation states in AM-6 crystals draw attention in catalysis 

due to the easy reduction process of oxidized V
5+

 state to V
4+

 state [110]. Synthesis of AM-6 

crystals having pure oxidation state (i.e., V
4+

 hole traps) was a subject of several studies in 

the literature [48,111]. Raman spectroscopy is a crucial tool to identify V-O stretching 

vibrations of VO3
-2

 quantum wires in the AM-6 films accurately and find the purity of the

films. 

The Raman shift at around 870 cm
-1

 as shown in Figure 4.6 is attributed to the undistorted 

VO6 octahedra and associated with V-O stretching vibrations that involve octahedrally 
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coordinated V
4+

 in AM-6 structure [49]. The characteristic V-O stretching vibration of S1-

F1, S1-F2, and S1-F3 films was observed at 870, 869 and 868 cm
-1

, respectively, which 

indicates that VO3
-2

 quantum wires in the AM-6 films have V
4+

 oxidation state (Figure 4.6).

The shoulder observed at 950 cm
-1

 is the characteristic Raman shift of the V
5+

oxidation state of VO3
-2

 quantum wires in AM-6 crystals [50]. The Raman spectra of

S1-F1 and S1-F2 films showed a slight shoulder at around ~950 cm
-1 

indicating that

these two films had two oxidation states of vanadium in the structure (i.e., V
4+

 and

V
5+

). However, the absence of the shoulder around ~950 cm
-1 

in Raman spectra of

S1-F3 film revealed that the film had only one oxidation state (i.e., V
4+

) in its 1-D

VO3
-2

 quantum wires. The shoulder observed at 1092 cm
-1

 for the sample S1-F2 was

attributed to the V
5+

=O stretching mode of terminal oxygen atoms [112]. The other

noticeable Raman shift observed at around 309 cm
-1

 and 730 cm
-1

 was associated

with the Ti-O stretching vibration indicating the presence of ETS-10 in the AM-6 

films (Figure 4.6) [48,49].  

The appearance of Ti-O stretching vibration peaks in the Raman spectrum of AM-6 

is the evidence of that the ETS-10 crystals are present as nucleation cores in AM-6 

structure [113]. The AM-6 formation mechanism using ETS-10 as a seed by Guo et 

al. is based on the dissolving of the external surfaces of ETS-10 into small pieces, 

which would serve as nucleation sites for AM-6 crystal synthesis [113]. It is known 

from the literature that the dissolution rates of vanadium sources (i.e., VOSO4 and 

V2O5) differ from each other during AM-6 synthesis. The variation in the relative 

intensities observed for ETS-10 peaks at 720-728 cm
-1

 in Raman spectra and thus,

the proposed three-membered ring species consumed as initiators during AM-6 

formation could be attributed to different dissolution rates of V precursors (i.e., 

VOSO4 and V2O5) used in AM-6 film formation [40]. Since 720-728 cm
-1

 Raman

peaks are more intense in Figure 4.6-b and c, it can be hypothesized that ETS-10 

seed crystals could not find sufficient time to dissolve for the transformation into 

vanadosilicate AM-6 structure due to the high dissolution rate of VOSO4 used for 

the preparation of S1-F1 and S1-F2. 
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The narrow width of vibration band pertaining to VO6 quantum wires in Raman 

spectra indicates the length homogeneity of the quantum wires in AM-6 crystals 

[111]. In order to show this, the full-width half-maximum (FWHM) was obtained for 

the main band of V-O stretching for each film and shown in Table 4.2. The 

maximum broadening was observed for the S1-F1 film (i.e., 15.23 ± 0.09 cm
-1

). S1-

F2 and S1-F3 films revealed similar degrees of broadening with a slight increase of 

FWHM of S1-F3 (i.e., 12.17 ± 0.02 cm
-1

 for S1-F2; 12.27 ± 0.07 cm
-1

 for S1-F3).

These values were also comparable with the ones reported for the powder AM-6 

crystals in the literature [40]. 

Table 4.2. Raman shift and FWHM (full-width half-maximum) values belonging to V-O stretching of 

AM-6 and Ti-O stretching of ETS-10 

Raman Shift (cm
-1

) 

FWHM of V-O 

stretching (cm
-1

) V-O

Stretching 

Ti-O 

Stretching 

ETS-10 - 730 - 

15.23 ± 0.09 

12.17 ± 0.02 

12.27 ± 0.07 

S1-F1 869 720 

S1-F2 870 728 

S1-F3 871 727 

In order to gain a better understanding of the growth and orientation of 

vanadosilicate AM-6 films, the effect of reaction temperature and amount of water in 

secondary growth gel were investigated. The molar composition of S1-F1 film was 

selected as standard composition since its experimental procedure was easier and the 

reaction time was also shorter with respect to others. The effect of reaction 

temperature on morphology was also studied for S1-F1 films with a standard molar 

composition by increasing the temperature from 503 K to 528 K, which was 

normally used for S1-F3 film formation (Table 3.1). The FE-SEM images of the 

resulting morphology of the crystals were illustrated in Figure 4.7-c.  
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Figure 4.7. FE-SEM images of the samples; S1-F1 (a), S1-F1-W1 (b), S1-F1-W2 (c), and S1-F1-T1 

(d) 

 

The crystals of the synthesis mixture produced at 528 K (S1-F1-528K) formed more 

of a rectangular shape in comparison with S1-F1 that was synthesized at 503 K. 

Furthermore, increasing the temperature led to a decrease in the crystallization time 

in accordance with the thermodynamic expectations [114]. The crystallization time 

was 2 h for standard composition while 1 h was enough for crystallization at 528 K. 

This can be explained by triggering the acceleration of formation of primary 

nucleation at higher temperatures due to the enhanced interaction frequency of 

nutrients [35]. The effect of decreasing the temperature from 503 K to 473K was 
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also studied. However, the films were peeled off the surface and the FE-SEM and 

XRD analyses showed no significant film formation (results not shown). 

The effect of water content in the secondary growth gel on morphology was also 

studied for vanadosilicate S1-F1 films by decreasing the molar water amount from 

209 to 150 and by increasing it from 209 to 300. The FE-SEM images of the 

resulting morphology of the crystals were illustrated in Figure 4.7-a, b. The 

morphology of the resulting crystals of the synthesis mixture with different water 

content, i.e., S1-F1 and S1-F1-W1 were nearly identical. Decreasing the water 

content did not affect the crystallization time as well. The crystallization time was 2 

h for both the standard and the concentrated compositions. This is because; the water 

content is in a similar range with the optimum concentration of water defined for 

standard composition.  

Upon increasing the water content from 209 to 300 (S1-F1 versus S1-F1-W2), the 

morphology of the crystals was modified and formed more of a rectangular shape, 

suggesting the growth to be in preferably in c-direction in S1-F1-300.  In addition to 

these, increasing the water content caused an increase in the crystallization time. The 

2 h time frame used for standard composition used for the crystallization had to be 

extended at least to 5 h to achieve crystallization in the diluted solution, which is 

consistent with the results of Ji et al. [97,115]. Increasing the water content results in 

an increase in the crystallization time, decrease the crystallization rate, and lower the 

supersaturation level [114]. In the primary nucleation step, fewer nuclei are formed 

causing larger crystals to grow. In addition, increasing the water content causes an 

increase in the pH level (from 11.8 to 12.7) of the solution suggesting a lower 

supersaturation level [97]. These are the evidence that the morphology and the 

growth rates of the crystals are strongly affected by the composition of the secondary 

growth gel. 

To determine the purity and crystal orientation of the samples, XRD patterns were 

collected. Figure 4.8 demonstrates XRD patterns of S1-F1, S1-F1-W1, S1-F1-W2, 
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and S1-F1-T1 (Table 3.1). The XRD patterns of the samples in Figure 4.8-b, c, and d 

match well with that of S1-F1 (Figure 4.8-a).  

 

Figure 4.8. XRD patterns of the samples S1-F1 (a), S1-F1-150 (b), S1-F1-300 (5 h crystallization) 

(c), S1-F1-300 (8 h crystallization) (d), and S1-F1-528K (e). * indicates the quartz impurity 

 

However, XRD peak intensity of S1-F1-300 produced in 5 h was much lower than 

that of S1-F1 (Figure 4.8-c). Therefore, 8 h reaction (Figure 4.8-d) was more suitable 

to obtain high crystallinity. The positions of the XRD peaks of the samples produced 

at 528 K (Figure 4.8-e) match well with that of standard S1-F1 (Figure 4.8-a). 

However, there are some extra peaks (i.e., 20.8, 26.6) at the 2θ degree indicating 

quartz impurity.  

The CPO200/105 values of S1-F1, S1-F1-W1, and S1-F1-W2 were demonstrated in 

Table 4.1. As can be seen from the Table 4.1, the CPO200/105 value belonging to S1-

F1-W2 was the highest (i.e., 30.72) indicating the highest degree of a(b)-out-of-
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plane preferred crystal orientation while the S1-F1-W1 film has the lowest (i.e., 

10.20) value. The increase in the CPO200/105 values for the samples indicates an 

increasing degree of preferential crystal orientation [109]. According to the CPO 

results, alteration of the water content affects the degree of crystal orientation. The 

increase in water content led to an increase in the CPO value. Thus, manipulation of 

crystal orientation is possible by changing the amount of water in the secondary 

growth gel which is consistent with the suggestions given by Li et al. [116]. They 

stated that it was possible to manipulate the preferred orientation of mordenite 

membranes by changing the water content in the secondary growth mixture, which 

was attributed to the influence of synthesis parameters on the diffusion of the 

aluminosilicate species [116].  

 

4.2. The Effect of Microporous Vanadosilicate AM-6 Films as Photocatalysts 

for the Degradation of MB under UV and Visible Light Irradiation 

In the second part of the study, ETS-10, S1-F3, S1-F2 and silver nanoparticle 

incorporated S1-F2 films were prepared for utilization as photocatalysts for the 

photocatalytic decomposition of MB. The samples coded as S1-F1 could not be 

utilized in this part of the study due to the loose adsorption of the AM-6 crystals on 

the substrate surface making this sample unsuitable for photocatalytic applications. 

Thus, the current study was carried out with the utilization of ETS-10, S1-F3, S1-F2 

and Ag
0
-S1-F2 as photocatalysts [117]. 

4.2.1. Sample Characterization 

Top view FE-SEM images demonstrate the morphological and spatial differences of 

ETS-10, S1-F2, Ag
0
-S1-F2, and S1-F3 thin films resulting from different synthesis 

conditions as shown in Figure 4.9. 
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Figure 4.9. Top view FE-SEM images of ETS-10 (a), S1-F2 (b), Ag
0
-S1-F2 (c), and S1-F3 (d) thin 

films 

 

FE-SEM images revealed that thin films have a bipyramidal structure for ETS-10 

(Figure 4.9-a) and S1-F2 (Figure 4.9-b), respectively, while the crystals of S1-F3 

thin film (Figure 4.9-d) have truncated bipyramidal structure. The crystals of the 

ETS-10 thin film tended to grow in truncated tetragonal bipyramidal shape, which 

was in agreement with previous studies [54]. The morphological differences between 

thin films of S1-F3 and S1-F2 could be attributed to the different crystal growth rates 

originated from the different molar compositions and concentrations of the 

secondary growth gels, specifically different vanadium sources, used for the 

formation of thin films. The reaction temperature (528 K for S1-F3, 503 K for S1-
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F2) used for the formation of thin films is also a crucial parameter that affects both 

crystal growth rate and crystal morphology [98]. As a result, different synthesis 

conditions lead to two different AM-6 films with different morphologies, which are 

thought to affect the …V-O-V-O-V… wires as also discussed for powder AM-6 

samples [40]. 

Figure 4.10 shows the XRD patterns of ETS-10 and vanadosilicate AM-6 films in 

addition to silver nanoparticle modified S1-F2 film (Ag
0
- S1-F2) grown on ITO 

coated glass substrates. 

  

Figure 4.10. X-ray diffraction patterns of ETS-10 (a), S1-F2 (b), Ag
0
-S1-F2 (c), and S1-F3 (d) thin 

films 

 

As seen from the XRD data, there is neither noticeable changes in the peak positions 

nor a peak broadening. The results showed that thin films were crystalline and have 

no other typical impurity phases like ETS-4, TiO2, and VSH resulting from the 
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synthesis of ETS-10 and AM-6 crystals. The XRD pattern of Ag
0
- S1-F2 indicates 

that ion-exchange with Ag
+
 ions and reduction of Ag

+
 ions to Ag

0
 nanoparticles by 

NaBH4 solution did not affect the crystal structure of thin film. Furthermore, the 

Bragg peak located at 2 theta degree of 38.2˚ is clearly observable in the XRD 

pattern of Ag
0
- S1-F2, which could be attributed to the existence of silver 

nanoparticles [84,118]. 

XPS analyses were conducted to investigate chemical states of the elements 

incorporated into structures of thin films (Figures 4.11 and 4.12). The existence of 

different oxidation states of vanadium cation could be detected through XPS analysis 

technique due to the dependence of binding energy (BE) of the Vp3/2 core level to 

the oxidation state of V [119]. 
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Figure 4.11. XPS high resolution V 2p spectra of S1-F2 and S1-F3, deconvolution of V2p3/2 XPS 

peak of S1-F2 (V
4+

/V
5+

=1.12) (a), and deconvolution of V 2p3/2 XPS peak of S1-F3 (V
4+

/V
5+

=1.68) 

(b) 

 

The V2p3/2 and V2p1/2 of S1-F2 were found at 521.9 eV and 514.5 eV, respectively 

(not shown). These values are close to the binding energy values of Vp3/2 and Vp1/2 

core level stated by Zhang et al., which are 524.9 eV and 517.2 eV, respectively 

[120]. Yeates et al. represented the XPS spectrum of AM-6 in the V2p region with a 

splitting of 7.3 eV which were found to be consistent with our results [47]. The BE 

values of V2p1/2 and V2p3/2 are also consistent with the spectral fitting parameters 

identified by Silversmith et al. for vanadium (III) oxide [119]. 
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Different states of V
5+

 and V
4+

 are typically obtained by deconvolution of V2p3/2 

level into two peaks [120,121]. In our case, the XPS spectrum of S1-F3 and S1-F2 

thin films for V2p3/2 was deconvoluted into two peaks. These peaks with binding 

energies of 514.9 eV and 515.5 eV for S1-F2 have been attributed to V
5+

 and V
4+

, 

respectively. The peaks centered at 514.4 eV and 515.4 eV for S1-F3 has been 

attributed to V
5+

 and V
4+

, respectively [120]. These values are consistent with the 

binding energy values specified for V
5+

 and V
4+

 cations in the literature 

[99,119,122–124]. The XPS peaks indicating V
4+

 and V
5+

 were obtained following 

the deconvolution of V2p3/2 peak. In Figure 4.11, while the dotted lines represent the 

original XPS data, the straight lines represent the fitted data. XPS signals were fitted 

using mixed Gaussian-Lorentzian functions using Peak Fit v4.12 as deconvolution 

software.  

Absolute area of the fitted V
4+

 and V
5+

 peaks were calculated. In accordance with 

this, the ratio of V
4+

/V
5+

 was calculated as 1.12 and 1.68 for the samples S1-F2 and 

S1-F3, respectively. Table 4.3 was created using these data obtained from the 

calculation of the area under each curve.  

Table 4.3. XPS spectral parameters for V 2p3/2: Binding energy (eV), and the ratio of V
4+

/V
5+

 

 V2p3/2 

 V
4+

 V
5+

 
V

4+
/V

5+
 

Sample BE (eV) BE (eV) 

S1-F2 514.9 515.5 1.12 

S1-F3 514.4 515.4 1.68 

 

The data in Table 4.3 indicates that the quantity of V
5+

 cations is greater in S1-F2 

than the S1-F3. Table 4.3 demonstrates the calculated percentage of different 

oxidation states of vanadium (V
4+ 

and V
5+

) based on the XPS results. These results 

indicate that vanadium exists in two oxidation states (V
4+

 and V
5+

) and the amount 

of these oxidation states is different for the samples. 



 

 

 

89 

 

In addition to the observed morphological differences between S1-F2 and S1-F3 

results, it can be deduced that vanadium exists in two different oxidation states in the 

structure of these two films upon the changes induced with the synthesis route. 

According to these results, it is expected that S1-F2 is more sensitive to visible light 

when it is used as a photocatalyst under visible light irradiation due to the presumed 

dependence of visible light photocatalytic activity to the presence of V
5+

 cations 

[50]. 

XPS survey scan of Ag
0
-S1-F2 thin film demonstrated in Figure 4.12-a possesses 

peaks at 571.2 eV (Ag 3p), 531.7 eV (O 1s), 515.1 eV (V 2p), 717.9 eV (Ag 3s), 

154.3 eV (Si 2s) and 367.1 eV (Ag 3d). High-resolution Ag 3d spectrum was also 

obtained for the Ag
0
-S1-F2 thin film through XPS analysis (Figure 4.12-b-black 

line). 
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Figure 4.12. XPS survey scan spectrum of Ag
0
-S1-F2 (a), and XPS high-resolution Ag 3d spectra of 

Ag
0
-S1-F2 (b) 

 

The peaks observed at 366.02 eV and 372.02 eV are assigned to the 3d5/2 and 3d3/2 

respectively with a binding energy separation of 6.0 eV. This separation of 6.0 eV 

was also reported in the literature, suggesting the presence of Ag nanoparticles [84]. 

Therefore, it can be deduced that silver is present in metallic form in the structure of 

AM-6 which correlates the data obtained from XRD analysis of Ag
0
-S1-F2 thin film. 

The XPS analysis was repeated for the same sample after its utilization as 

photocatalyst under UV irradiation to indicate the possible structural change of the 
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films (Figure 4.12-b-red line). The binding energies of Ag 3d5/2 (366.03 eV) and 

3d3/2 (372.03 eV) for the sample Ag
0
- S1-F2 after its utilization as photocatalyst 

under UV irradiation were lower than the binding energies of Ag 3d5/2 (367.89 eV) 

and 3d3/2 (373.89 eV) for the same sample before its utilization as photocatalyst. 

This might be due to the ionization of metallic silver during the photocatalytic cycle 

which is expected due to the interaction of Ag nanoparticles with light [84]. 

Raman analysis technique was used to determine the characteristic vibration peaks 

of …V-O-V-O-V… and …Ti-O-Ti-O-Ti… quantum wires in the structures of 

vanadosilicate AM-6 and titanosilicate ETS-10, respectively (Figure 4.13). Multiple 

oxidation states of the vanadium (V
4+

 and V
5+

) present in the quantum wires of the 

vanadosilicate AM-6 could be identified by Raman analysis along with XPS [110].  

  

 

Figure 4.13. Raman spectroscopic analysis of ETS-10 (a), S1-F2 (b), Ag
0
-S1-F2 (c), and S1-F3 (d) 

thin films 

The presence of the V-O wires that involve octahedrally coordinated V
4+

 in the 

structure of vanadosilicate AM-6 causes a Raman shift at around 870 cm
-1

 [49]. 
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Raman shift at around 720 cm
-1

 belonging to the Ti-O vibrations has the highest 

intensity for the ETS-10 containing only titanosilicate ETS-10. Although S1-F3 and 

S1-F2 thin films contain only vanadosilicate AM-6, there is a shoulder observed at 

around 728 cm
-1

, which is originated from the ETS-10 core/AM-6 shell structure of 

the thin films as also evidenced by Guo et al. [113]. According to this mechanism, 

ETS-10 seeds dissolve from their surfaces into small pieces which would serve as 

nucleation sites for the growth of vanadosilicate AM-6 [113]. The difference 

between the dissolution rates of the vanadium sources (i.e., V2O5 for the S1-F3, 

VOSO4 for the S1-F2) used for the secondary growth gels could be hypothesized to 

cause intensity differences of Ti-O vibration bands in Raman spectroscopy of S1-F3 

and S1-F2 [40]. Due to the high dissolution rate of VOSO4 used to produce S1-F2 

thin film, it is possible that ETS-10 seed crystals did not find sufficient time to 

dissolve for the transformation into vanadosilicate AM-6 structure. Thereby, Ti-O 

vibration bands representing the existence of ETS-10 crystals are more apparent in 

the Raman spectrum of S1-F2. The shoulders located around 950 cm
-1

 and 1092 cm
-1

 

in the Raman spectrum of S1-F2 are the characteristic Raman shifts of the V
5+

 

oxidation states of …V-O-V-O-V… quantum wires [112]. The Raman spectrum of 

S1-F2 thin film demonstrates more apparent Raman shifts of the two oxidation states 

of vanadium (V
4+

 and V
5+

) with respect to S1-F3. Surprisingly, there is no visible 

peak or shoulder expressing the existence of V
5+

 cation in the structure of S1-F3 

unlike the results obtained from XPS analysis. This is probably due to the fact that 

XPS analysis is more accurate than Raman analysis in the sense that XPS possesses 

high sensitivity to surface phenomena and maximum information can be gathered 

from the topmost few layers. This can be crucial for thin film analysis for the 

determination of chemical states of elements, which also allows the estimation of 

defects in high sensitivity. 

The Raman spectrum of Ag
0
-S1-F2 thin film is given in Figure 4.13-d, which shows 

that the V–O stretching band loses intensity, broadens, and shifts to a lower 

frequency. Although structural changes were not observed upon the incorporation of 
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silver within the S1-F2 thin film, which was demonstrated by XRD analysis (Figure 

4.10), the procedure causes deterioration in the …V-O-V-O-V… quantum wires of 

AM-6 structure as indicated by Raman analysis. In the Raman spectrum of Ag
0
-S1-

F2 thin film, the broad and flattened V–O stretching band is evidence for this 

damaged vanadate quantum wires in Ag
0
-S1-F2 upon silver loading. 

UV-vis absorption spectroscopy was used to investigate the optical properties of 

AM-6 films. The UV-vis absorption spectra of the samples demonstrate a strong 

absorption band in the UV region (Figure 4.14). 
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Figure 4.14. UV-Vis absorption spectra and Tauc plot for bandgap calculations for the samples S1-F2 

(a) and S1-F3 (b) 

 

The absorption maxima (λmax) in the UV region are 260 nm and 210 nm for S1-F2 

and S1-F3. The redshift observed in the UV-vis absorption spectroscopy of the 

sample S1-F2 could be attributed to the defect formation induced by different 

synthesis conditions [99]. These bands are similar to the UV-vis absorption spectrum 

observed in between 200-350 nm for powder AM-6 formation stated by Ismail et al. 

and assigned to O(2p) → V(3d) charge-transfer transition [25]. While, the absorption 
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peak centered at around 450 nm indicates charge-transfer transition in V
5+

, d-d 

transition in V
4+

 is indicated by the absorption band centered at around 590 nm 

[25,41]. However, these two absorption peaks are not distinctive for our samples. 

Therefore, further analysis should be carried out to elucidate the different oxidation 

states of vanadium. 

The bandgap energies of the samples were calculated according to the procedure 

applied by López et al. (See Appendix A). As seen from Figure 4.14, S1-F2 has 

bandgap energy (3.70 eV) narrower with respect to S1-F3 (3.80 eV). The absorption 

spectra showed a cut off at 338.79 nm and 319.81 nm for S1-F2 and S1-F3, 

respectively as shown in Figure 4.14. These values of wavelength were also used  for 

the calculation of energy band gap using the Equation of 𝐸 =
ℎ𝑐

𝜆
 [105]. According to 

this calculation energy bandgap values were obtained as 3.66 eV and 3.87 eV for S1-

F2 and S1-F3, respectively. The energy bandgap values are obtained similar to the 

ones indicated in the literature [25]. The difference between the energy bandgap 

values obtained using Tauc plot and/or wavelength cut off is originated from the 

differences between the techniques. Nevertheless, the energy bandgap of S1-F2 is 

lower with respect to that of S1-F3 using both techniques. The lower bandgap of S1-

F2 would allow photons with lower energy to excite electrons from valence band to 

conduction band and create electron-hole pairs increasing photocatalytic activity 

[43]. Based on the data mentioned above and the results obtained from XPS and 

Raman analyses, it is expected that the S1-F2 could perform better photocatalytic 

activity under visible light irradiation. 

4.2.2. Evaluation of Photocatalytic Activity 

Photocatalytic activities of the ETS-10, S1-31, S1-F2, and Ag
0
-S1-F3 thin films 

were tested under the following conditions for MB; (i) in the dark (Section 4.2.2.1), 

(ii) under UV light irradiation (λ=365 nm) (Section 4.2.2.2), (iii) under visible light 

irradiation (λ>400 nm) (Section 4.2.2.3).  
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4.2.2.1. Dark Experiments 

Before irradiation of the thin films with UV and visible light, dark experiments were 

carried out to know the degree of photodegradation upon adsorption of MB over the 

all photocatalyst thin films (ETS-10, S1-F2, Ag
0
-S1-F2, and S1-F3) under non-

irradiation condition. It is clear that MB was adsorbed by ETS-10 (54.55 %), S1-F2 

(59.54 %), Ag
0
- S1-F2 (55.94 %), and S1-F3 (56.73 %) after a 60 min period (Figure 

4.15) with the highest adsorption occurring for S1-F2 thin film. 

 

 

Figure 4.15. The adsorption of MB of the ETS-10, S1-F2, Ag
0
-S1-F2, and S1-F3 thin films in dark 

([M] =3.2 mg L
-1

, pH 6, VMB= 4 mL) 

 

Photocatalytic reactions occur even in the dark when semiconducting TiO2 is used as 

a photocatalyst. However, the effect of the photocatalyst requires longer periods of 

time [125]. In our case, the porous structure of the photocatalyst besides its 

semiconducting property allows absorption over 50 %. Nevertheless, there was no 

significant difference between % photocatalytic degradation of MB when samples 
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were used as a photocatalyst in the dark environment, which might be due to the 

highly porous structure of all samples [25]. More active sites for the adsorption of 

water and hydroxyl groups are formed due to the porous structure. These sites 

capture photogenerated holes resulting in the formation of hydroxyl radicals. The 

pores of the films are filled with the electrolyte solution and so diffusion length for 

photoexcited holes becomes shorter. These factors are crucial for photocatalytic 

activity [126]. 

4.2.2.2. Under UV Irradiation 

For industrial applications, production of the photocatalysts which are effective 

under indoor conditions (i.e. under UV irradiation) is very important [127]. The 

contribution of electrons and holes to the photocurrent after they leave the electrode 

is much more possible under UV light irradiation as compared to visible light [125]. 

Figure 4.16 demonstrates the % photocatalytic degradation of MB when ETS-10, 

S1-F2, Ag
0
-S1-F2, and S1-F3 thin films were used as photocatalysts under the UV 

light irradiation (λ=365 nm). No significant difference (67.14 % for ETS-10, 69.4 % 

for S1-F2, 70.57 % for Ag
0
-S1-F2, and 71.19 % for S1-F3 after 60 min illumination) 

between the percent removals of MB was observed among these films. However, the 

photocatalytic activity of titanosilicate ETS-10 film was slightly lower than that of 

vanadosilicate AM-6 film, which can be attributed to the relatively larger bandgap 

reported for ETS-10 (i.e. ~4.03 eV for ETS-10 and ~3.8 eV for AM-6) [54,98]. The 

photocatalytic activity is expected to be increased due to the factors such as more 

effective trapping of electrons and holes under UV light [127]. In our case, the 

photocatalytic performances of all samples are increased due to the factors 

mentioned above. 
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Figure 4.16. The photocatalytic removal of MB of the S1-F3, S1-F2, and Ag
0
-S1-F2 thin films under 

UV light irradiation ([MB] =3.2 mg L
-1

, pH 6, VMB= 4 mL) 

 

4.2.2.3. Under Visible Light Irradiation 

Figure 4.17 shows that vanadosilicate AM-6 thin films demonstrate higher 

photocatalytic activity under visible irradiation (λ>400 nm) with respect to the ETS-

10 thin film. 65.53 % removal of MB was observed after 30 min visible light 

illumination when S1-F2 film was used as a photocatalyst. The percent removal of 

MB was 33.21 for S1-F3 film after 30 min illumination which is ~30% lower with 

respect to S1-F2. After 60 min illumination, the percent removal of MB was 44.92, 

67.85, 68.74, and 58.12 for ETS-10, S1-F2, Ag
0
- S1-F2, and S1-F3 respectively. 
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Figure 4.17. The photocatalytic removal of MB of the samples ETS-10, S1-F3, S1-F2, and Ag
0
-S1-F2 

thin films under visible light irradiation ([MB]=3.2 mg L
-1

, pH 6, VMB= 4 mL). 

 

These results suggest that AM-6 thin films are sensitive to visible light for 

photocatalytic decomposition of MB along with the performances obtained under 

UV irradiation. Another significant result was the increased photocatalytic activity 

of S1-F2 under visible light irradiation with respect to S1-F3 arising from different 

amounts of V
5+

 cations in their structures due to their different synthesis conditions. 

It was shown that S1-F2 film possessed more V
5+

 ions than S1-F3 film with reduced 

V
4+

 ions. Thus, this photoactivity observed at visible light irradiation could be due to 

the higher V
5+

 ions found in S1-F2 films, which is also in correlation with the 

literature data suggesting V
5+

 ions to be responsible for the photocatalytic activity 

under visible light [16,68]. Accordingly, not only photocatalytic activity was 

obtained upon using AM-6 films under visible light irradiation, but also it was 

shown that chemical modifications (i.e. different synthesis conditions) during the 
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synthesis of these films also helped visible light photocatalytic activity. To enhance 

the photocatalytic activity of S1-F2 thin film, Ag
0
 nanoparticle incorporation into 

S1-F2 film was carried out (i.e., Ag
0
- S1-F2 thin film). A slight improvement was 

obtained after 60 min. irradiation for the percent removal of MB which was 67.85 

for S1-F2 and 68.74 for Ag
0
-S1-F2. It was expected that Ag

0
 nanoparticle 

incorporation provides an increase for the photocatalytic activity under visible light 

irradiation since Ag
0
 nanoparticle incorporation extends the light absorption 

spectrum into the visible region, hinders the recombination of electron/hole pairs 

through the electron transfer to the Ag sites, and the enhanced surface electron 

excitation occurs by incorporation of Ag
0
 nanoparticle due to surface plasmon 

resonance effect [25]. However, the slight improvement observed for Ag
0
-S1-F2 

may be attributed to the deterioration of the …V-O-V-O-V… chain structure 

resulting from the silver incorporation as indicated by Raman analysis with broad, 

and flattened V-O stretching vibration band. 

4.2.2.4. The Photocatalytic Reusability Efficiency of As-Prepared Materials 

The reusability tests of the thin films were investigated for the MB under UV light 

irradiation as shown in Figure 4.18. 
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Figure 4.18. The photocatalytic removal of MB of the ETS-10, S1-F2, Ag
0
-S1-F2 and S1-F3 thin 

films after 5-time usage under UV light irradiation ([MB] =3.2 mg L
-1

, pH 6, VMB= 4 mL) 

 

After the first 60 minutes treatment, the thin films were simply washed with water 

and reused in a new treatment at the same pollutant concentration. The degradation 

percentages obtained after 5 times usage for MB are shown in Figure 4.18. It was 

clear that there is a significant decrease in the photocatalytic activity of thin films 

after the third use. The decrease may be due to the accumulation of the dye 

molecules on the porous surface of the thin films [117]. 
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4.3. Investigation of the Parameters Affecting Film Formation and 

Photocatalytic Performance of AM-6 Films 

4.3.1. The Effect of Seed Crystal Morphology on the Formation and 

Photocatalytic Activity of AM-6 Films 

In this part of the study, the effect of seed morphology on the formation and 

photocatalytic activity of the films were investigated. In this regard, two types of 

seed crystals with different morphologies (i.e., bipyramidal and cubic shaped) were 

utilized as seed layer keeping the other conditions such as reaction time and 

temperature and the secondary growth gel formula constant during the secondary 

growth procedure. Following the hydrothermal treatment procedure, different than 

previous catalytic experiments, the obtained films were used as photocatalysts for 

the decomposition of MB under the solar simulator. The obtained films were 

denoted as S1-F3 (bipyramidal-shaped ETS-10 as seed) and S2-F3 (cubic-shaped 

ETS-10 as seed) (Section 3.2.2.).  

 

4.3.1.1. Sample Characterization  

The morphological and spatial differences and the thicknesses of S1-F3 and S2-F3 

were demonstrated through FE-SEM analysis. While, Figures 4.19-a and 4.19-c 

shows top view images of S1-F3 and S2-F3, respectively; cross-sectional images of 

S1-F3 and S2-F3 were shown in Figures 4.19-b and 4.19-d, respectively. 
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Figure 4.19. Top view and cross-sectional images of S1-F3 (a), (b) and S2-F3 (c), (d), respectively 

 

FE-SEM images revealed that the crystals of S1-F3 have truncated bipyramidal 

structure (Figure 4.19-a), while the crystals of S2-F3 film (Figure 4.19-b) have 

bipyramidal structure. It is inevitable to attribute the morphological differences 

between S1-F3 and S2-F3 to different crystal growth rates originated from the 

different seed crystal morphologies used for the formation of the films. As a result, 

different seed crystal morphologies lead to two different AM-6 films with different 

morphologies, which are thought to affect the …V-O-V-O-V… wires. The films 

with controlled morphologies, it can be demonstrated that photocatalytic activity is 

dependent upon a particular surface of the crystal [18]. To determine the 
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morphological differences of AM-6 film with seed crystals with different 

morphologies, further analyses were carried out. 

XRD patterns were collected from the AM-6 films in order to determine the purity 

and the crystal orientation (Figure 4.20). The XRD peaks of AM-6 films are centered 

such that they are well-matched with XRD peaks identified for AM-6 [98]. 

 

 

Figure 4.20. X-ray diffraction patterns of S1-F3 (a) and S2-F3 films (b) 

 

The intensity of the peak incidental to (105) plane observed in the XRD pattern of 

S1-F3 is higher as compared to S2-F3 indicating the growth in S1-F3 is preferably in 

the c direction as shown in Figure 4.20. In order to examine the orientation of the 

crystals further, CPO values were calculated for each sample. 

In order to calculate CPO values, integrated intensities of selected planes were 

identified for S1-F3 and S2-F3. Accordingly, the obtained results are shown in Table 

4.4. 



105 

Table 4.4. Thickness and CPO values of S1-F3 and S2-F3 films 

Sample Thickness (µm) CPO200/105 

S1-F3 4.17 ± 0.08 0.39 

S2-F3 5.95 ± 0.09 14.05 

As can be seen from the Table 4.4, the CPO200/105 value incidental to S2-F3 film is 

higher (i.e., 14.05) than that of S1-F3 (i.e., 0.39) indicating S2-F3 has a higher 

degree of a(b)-out-of-plane preferred crystal orientation. The CPO200/105 values 

suggest that seed crystals grow much faster along with a and b directions for the 

samples S2-F3 with respect to S1-F3 films.  

The films were further investigated by Raman spectroscopy and the results are 

shown in Figure 4.21. 

Figure 4.21. Raman spectroscopic analysis of the samples S1-F3 (a) and S2-F3 (b) 
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Raman shift centered at 870 cm
-1

 indicates the undistorted VO6 octahedra and is 

associated with V-O stretching vibrations that involve octahedrally coordinated V
4+

 

in AM-6 structure [49]. According to Figure 4.21, the characteristic V-O stretching 

vibration of S1-F3 and S2-F3 films was observed at 871 and 870 cm
-1

, respectively. 

The shoulder observed at 950 cm
-1

 is the characteristic Raman shift of the V
5+

 

oxidation state of VO3
-2

 quantum wires in AM-6 crystals [50]. Due to its low 

intensity, the 950 cm
-1

 peak was hard to compare between the two samples. 

Nevertheless, it was observed that Raman spectra of S1-F3 and S2-F3 films showed 

a slight shoulder at around ~948 cm
-1 

indicating that these two films had two 

oxidation states of vanadium in the structure (i.e., V
4+

 and V
5+

). The shoulder 

observed at 1092 cm
-1

 for the samples was attributed to the V
5+

=O stretching mode 

of terminal oxygen atoms [112]. The other noticeable Raman shift observed at 

around 314 cm
-1

 and 723 cm
-1

 was associated with the Ti-O stretching vibration 

indicating the presence of ETS-10 in the AM-6 films (Figure 4.21) [48,49]. The peak 

centered at 640 cm
-1

 is ascribed to the bridging vibration of V-O-Si [128]. 

The full-width half-maximum (FWHM) values were obtained for the main band of 

V-O stretching of 870 cm
-1

 for each film and shown in Table 4.5. 

 

Table 4.5. Raman shift and FWHM (full-width half-maximum) values belonging to V-O stretching of 

S1-F3 and S2-F3 

 Raman Shift (cm
-1

) 

Samples V-O Stretching (cm
-1

) FWHM of V-O stretching 

S1-F3 871 12.27 ± 0.07 

S2-F3 870 12.66 ± 0.07 

 

The narrow width of 870 cm
-1

 vibration band in Raman spectra indicates the length 

homogeneity and the quality of the quantum wires in AM-6 crystals [111]. A 

deterioration in the VO6 chains originated from the use of seed crystals with 

different morphologies for the formation of AM-6 could be noticed by broadening of 

FWHM at around 870 cm
-1

 vibration band, and has a tendency for enhanced 
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photocatalytic activity of S2-F3 film. The broadening of S2-F3 (i.e., 12.66 ± 0.07) 

was higher than S1-F3. It can be concluded that S2-F3 might be a better candidate 

for photocatalytic applications under visible light irradiation. 

In order to attain more detailed information on the films and their optical properties 

along with the defects created, UV-Vis absorption spectroscopy was employed. The 

UV-vis absorption spectra of the samples demonstrate a strong absorption band in 

the UV region as shown in Figure 4.22. 

 

    

Figure 4.22. UV-Vis absorption spectra and Tauc plot for bandgap calculations for the samples (a) 

S1-F3 and (b) S2-F3 
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It was seen that, the absorption maxima (λmax) in the UV region are 210 nm and 287 

nm for S1-F3 and S2-F3, respectively. The redshift observed in the UV-vis 

absorption spectroscopy of the sample S2-F3 could be attributed to the defect 

formation induced by using seed crystal with different morphologies [99]. These 

bands are similar to the UV-vis absorption spectrum observed in between 200-350 

nm for powder AM-6 formation stated by Ismail et al. and assigned to O(2p) → 

V(3d) charge-transfer transition [25]. While, the absorption peak centered at around 

450 nm indicates charge-transfer transition in V
5+

, d-d transition in V
4+

 is indicated 

by the absorption band centered at around 590 nm [25,41]. However, these two 

absorption peaks are not distinctive for our samples. Therefore, further analysis 

should be carried out to elucidate the different oxidation states of vanadium. 

The bandgap energies of the samples were calculated according to the procedure 

applied by López et al. [105]. As seen in Figure 4.22, S1-F3 and S2-F3 were found 

to have bandgap energy of 3.80 and 3.65 eV, respectively. Absorption edge of the 

UV-vis spectra was also obtained as 319.81 nm and 344.22 nm for the samples S1-

F3 and S2-F3, respectively for the calculation of energy bandgap as shown in Figure 

4.22. Accordingly, energy bandgap values were obtained as 3.87 eV and 3.60 eV for 

S1-F3 and S2-F3, respectively. The results obtained in the current study are similar 

to the ones obtained by Ismail et al. and Nash et al. [25,43]. The observed lower 

bandgap of S2-F3 suggest that photons with lower energy excite electrons from the 

valence band to conduction band and create electron-hole pairs increasing 

photocatalytic activity [43]. Based on the data mentioned above, S2-F3 is expected 

to perform better photocatalytic activity under visible light irradiation. 

Another analysis method for the existence of different oxidation states of vanadium 

cation is through XPS analysis technique due to the dependence of binding energy 

(BE) of the Vp3/2 core level to the oxidation state of V [119]. Different states of V
5+

 

and V
4+

 are typically obtained by deconvolution of V2p3/2 level into two peaks 

[120,121]. The XPS analysis results in the current study are shown in Figure 4.23. In 

Figure 4.11, while the dotted lines represent the original XPS data, the straight lines 
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represent the fitted data. XPS signals were fitted using mixed Gaussian-Lorentzian 

functions using Peak Fit v4.12 as deconvolution software.  

 

Figure 4.23. XPS high resolution V 2p spectra of S1-F3 and S2-F3, (a) deconvolution of V2p3/2 XPS 

peak of S1-F3 (V
4+

/V
5+

=1.68), and (b) deconvolution of V 2p3/2 XPS peak of S2-F3 (V
4+

/V
5+

=1.17) 

 

Accordingly, the XPS spectra of S1-F3 and S2-F3 films for V2p3/2 was deconvoluted 

into two peaks. The peaks with binding energies of ~514.4 eV and ~515.4 eV for S1-

F2 have been attributed to V
5+

 and V
4+

, respectively. The peaks centered at 514.6 eV 
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and 515.2 eV for S2-F3 has been attributed to V
5+

 and V
4+

, respectively [120]. These 

values are consistent with the binding energy values specified for V
5+

 and V
4+

 

cations in the literature [99,119,122–124]. 

The absolute areas of the XPS peaks of V
4+

 and V
5+

 were calculated and the ratio of 

V
4+

/V
5+

 was obtained. Accordingly, the ratio of V
4+

/V
5+

 was calculated as 1.68 and 

1.17 for the samples S1-F3 and S2-F3, respectively. Table 4.6 was created using 

these data obtained from the calculation of the area under each curve. 

Table 4.6. XPS spectral parameters for V 2p3/2 for S1-F3 and S2-F3: Binding energy (eV), and the 

ratio of V
4+

/V
5+

 

  V2p3/2  

 V
4+

 V
5+

  

Sample BE (eV) BE(eV) V
4+

/V
5+

 

S1-F3 514.4 515.4 1.68 

S2-F3 514.6 515.2 1.17 

 

The calculated percentage of different oxidation states of vanadium (i.e., V
4+ 

and 

V
5+

) based on XPS results demonstrated in Table 4.6 indicates that the quantity of 

V
5+

 cations is greater in S2-F3 than S1-F3. 

These results suggest that, in addition to the observed morphological differences 

between S1-F3 and S2-F3, vanadium exists in two different oxidation states (V
4+

 and 

V
5+

) in the structure of these two films upon the changes induced with the utilization 

of seed crystals with different morphologies. Based on the fact that a lower ratio of 

V
4+

/V
5+

 was obtained for S2-F3, it is expected that S2-F3 is more sensitive to visible 

light when it is used as a photocatalyst under visible light irradiation due to the 

presumed dependence of visible light photocatalytic activity to the presence of V
5+

 

cations [50]. 
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4.3.1.2. Evaluation of the Photocatalytic Activity 

The photocatalytic effectiveness of the proposed films (i.e., S1-F3 and S2-F3) was 

investigated for the decomposition of MB under solar light. Besides, dark 

experiments were also carried out to the degree of photodegradation upon adsorption 

of MB overall photocatalyst films under non-irradiation condition as shown in 

Figure 4.24. 

 

 

Figure 4.24. Absorbance of MB for S1-F3 in dark (a) and under illumination (b); S2-F3 in dark (c) 

and under illumination (d) 

 

It is clear that MB was adsorbed by S1-F3 (50.49 %) and S2-F3 (41.53 %) after a 

240 min period with the highest adsorption occurring for S1-F3 film which might be 
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due to the highly porous structure of the samples [25]. More active sites for the 

adsorption of water and hydroxyl groups are formed due to the porous structure. 

These sites capture photogenerated holes resulting in the formation of hydroxyl 

radicals. The pores of the films are filled with the electrolyte solution and so 

diffusion length for photoexcited holes becomes shorter. These factors are crucial for 

photocatalytic activity [126]. 

Figures 4.24 and 4.25-a indicate that S2-F3 demonstrates higher photocatalytic 

activity under the solar light with respect to S1-F3. 83.29 % removal of MB was 

observed after 240 min of solar light illumination when S2-F3 film was used as a 

photocatalyst. The percent removal of MB was 73.11 for S1-F3 film after 240 min 

illumination under solar light which is ~10% lower with respect to S2-F3. These 

results suggest that S2-F3 is more sensitive to solar light for photocatalytic 

decomposition with respect to S1-F3. Another significant result was the increased 

photocatalytic activity of S2-F3 under solar light irradiation in comparison with S1-

F3 arising from different amounts of V
5+

 cations in their structures as predicted from 

various analysis techniques due to the seed crystals with different morphologies used 

for the formation of AM-6 films. It was shown that the S2-F3 film possessed more 

V
5+

 ions than S1-F3 film. Thus, this photoactivity observed at solar light irradiation 

could be due to the higher V
5+

 ions found in S2-F3 films, which is also in correlation 

with the literature data suggesting V
5+

 ions to be responsible for the photocatalytic 

activity under visible light [16,68]. Accordingly, not only photocatalytic activity was 

obtained upon using AM-6 films under solar light irradiation, but also it was shown 

that modifications (i.e. utilization of seed crystals with different morphologies) 

during the synthesis of these films also helped solar light photocatalytic activity. 
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Figure 4.25. The photocatalytic removal (a), and the degradation kinetics (b) of MB for S1-F3 and 

S2-F3 films under solar simulator (1 Abs. MB, pH 6, VMB= 10 mL) 

 

The pseudo-first-order reaction rate constants (k) were calculated based on the 

photodegradation kinetics of S1-F3 and S2-F3 as shown in Figure 4.25-b. MB was 

also exposed to solar light for 240 minutes uninterruptedly to investigate its 
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photodegradation under solar light without using any photocatalyst (Figure 26-a and 

b). 

 

 

Figure 4.26. The photocatalytic removal (a), and the degradation kinetics (b) of MB without using 

any photocatalysts under solar light (1 Abs. MB, pH 6, VMB= 10 mL) 

 

It was observed that only 9.3 % of MB was degraded after 240 min exposure to solar 

light. The k values calculated for S1-F3 (0.0052 min
-1

) and S2-F3 (0.00749 min
-1

) 

are much higher with respect to the k value (4.0724E-4 min
-1

) calculated for the 

decomposition of MB without using any photocatalysts (See Appendix B and C). 

Accordingly, S1-F3 and S2-F3 show photocatalytic activity for the decomposition of 

MB under the solar light. Furthermore, the photocatalytic activity of S2-F3 was 

found to be higher with respect to S1-F3 as also predicted from various analysis 

techniques. 

4.3.2. The Effect of Seed Layer Coating Technique on the Formation and 

Photocatalytic Activity of AM-6 Films 

The effect of seed layer coating technique on the formation and photocatalytic 

activity of the films was investigated. In this regard, bipyramidal seed crystals were 

coated on ITO coated glass substrates by using spin-coating and/or dip-coating 

method. In order to investigate the effect of the thickness of the seed layer on film 
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formation, the dip-coating method was applied 1-time and 2-times on substrates. The 

other parameters such as reaction time and temperature and secondary growth gel 

formula were kept constant. Following the hydrothermal treatment procedure, the 

obtained films were used as photocatalysts for the decomposition of MB under the 

solar simulator. The samples were denoted as S1-F3, S1-dip1-F3, and S1-dip2-F3 

upon seed layer coating techniques which are spin-coating, 1-time dip-coating, and 

2-times dip-coating, respectively.  

4.3.2.1. Sample Characterization 

The morphological and spatial differences and the thicknesses of S1-F3, S1-dip1-F3, 

and S1-dip2-F3 were shown in Figure 4.27. While, Figures 4.27-a, c, and e 

demonstrate the top view FE-SEM images of S1-F3, S1-dip1-F3, and S1-dip2-F3, 

respectively; cross-sectional images of S1-F3, S1-dip1-F3, and S1-dip2-F3 were 

demonstrated in Figure 4.27-b, d, and f, respectively. 
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Figure 4.27. Top view and cross-sectional images of S1-F3 (a), (b); S1-dip1-F3 (c), (d); S1-dip2-F3 

(e), (f), respectively  

 

It was observed that the crystals of S1-F3, S1-dip1-F3, and S1-dip2-F3 have 

truncated bipyramidal structures as shown in Figure 4.27-a, c, and e. As seen from 
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Figure 4.27, crystals of S1-dip2-F3 are smaller than S1-dip1-F3 due to the close 

proximity of the seed crystals originated from the number of coating techniques 

[129]. The presence of the seed crystals very close to each other causes grains to 

strike and alter their orientations. When seed population increases, overlapping 

growth of grains are observed and size and orientation of the final crystal is altered 

[129].  

Purity and the crystal orientation of AM-6 films were determined by the XRD 

analysis technique as shown in Figure 4.28. The XRD pattern of AM-6 films well 

matched with the XRD pattern stated for AM-6 formation [98]. 

 

 

Figure 4.28. X-ray diffraction pattern of the samples S1-F3 (a), S1-dip1-F3 (b), and S1-dip2-F3 (c) 

 

As seen from the XRD data, there is neither noticeable change in the peak positions 

nor a peak broadening with respect to AM-6 crystals obtained in powder form as 

shown in Figure 4.2. The results showed that films are crystalline and have no other 
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typical impurity phases resulting from the preparation of AM-6 films. The 2θ degree 

of ≈ 20° (i.e., (105) plane) was observable for AM-6 films produced by using seed 

crystals coated with spin-coating and dip-coating method indicating the tendency of 

crystals to grow in c direction (Figure 4.28). 

In order to calculate CPO values, integrated intensities of (105) and (200) planes 

were identified for S1-F3, S1-dip1-F3, and S1-dip2-F3 and the results were shown in 

Table 4.7. 

 

Table 4.7. Thickness and CPO values of S1-F3, S1-dip1-F3, and S1-dip2-F3 films 

Sample Thickness (µm) CPO200/105 

S1-F3 4.17 ± 0.08 0.39 

S1-dip1-F3 10.93 ± 0.08 3.15 

S1-dip2-F3 15.28 ± 0.09 3.17 

 

As can be seen from Table 4.7, the CPO200/105 values of S1-dip1-F3 and S1-dip2-F3 

are very close to each other indicating these samples have similar degrees of a(b)-

out-of-plane preferred orientations. According to the CPO values of the samples S1-

F3 (i.e., 0.39), S1-dip1-F3 (i.e., 3.15), and S1-dip2-F3 (i.e., 3.17), it can be implied 

that the tendency of S1-F3 to grow in c direction is higher with respect to S1-dip1-

F3 and S1-dip2-F3. However, CPO values obtained for S1-dip1-F3 and S1-dip2-F3 

were not high enough to claim that these samples have a(b)-out-of-plane preferred 

orientation. 

The investigation of S1-F3, S1-dip1-F3, and S1-dip2-F3 films was carried out by 

Raman spectroscopy as shown in Figure 4.29. 
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Figure 4.29. Raman spectroscopic analysis of the samples S1-F3 (a), S1-dip1-F3 (b), and S1-dip2-F3 

(c) 

 

According to Figure 4.29, the characteristic V-O stretching vibration of S1-F3, S1-

dip1-F3, and S1-dip2-F3 films was observed at 871, 869, and 869 cm
-1

, respectively 

which are comparable with the Raman shift centered at 870 cm
-1

 and stated by 

Rocha et al. [49]. 

The characteristic Raman shifts defined for the V
5+

 oxidation state of VO3
-2

 quantum 

wires in AM-6 crystals and centered at 950 cm
-1

 and 1092 cm
-1

 are not comparable 

between the samples due to the low intensity of these peaks [50,112]. Ti-O streching 

vibration showed the Raman shift at around 314 cm
-1

 and 723 cm
-1

 which indicates 

the presence of ETS-10 in the AM-6 films as shown in Figure 4.29 [48,49]. An 

intense Ti-O streching vibration peak centered at 723 cm
-1

 in the Raman spectra of 

S1-dip2-F3 indicates that the presence of ETS-10 crystals in the sample is the most 

apparent among other samples which is originated from the thick seed layer. The 
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bridging vibration of V-O-Si was determined by the Raman shift centered at 640 cm
-

1
 [128]. 

Broadening of FWHM at around 870 cm
-1

 vibration band was calculated for the 

samples S1-F3, S1-dip1-F3, ans S1-dip2-F3 in order to identify the length 

homogeneity and the quality of the quantum wires in AM-6 crystals originated from 

different seed layer coating techniques [111]. The obtained results were shown in 

Table 4.8. 

 

Table 4.8. Raman shift and FWHM (full-width half-maximum) values belonging to V-O stretching of 

S1-F3, S1-dip1-F3, and S1-dip2-F3 films 

Samples V-O Stretching (cm
-1

) FWHM of V-O stretching 

S1-F3 871 12.27 ± 0.07 

S1-dip1-F3 869 12.54 ± 0.05 

S1-dip2-F3 869 12.66 ± 0.04 

 

The maximum broadening was observed for the sample S1-dip2-F3 (i.e., 12.66 ± 

0.04). FWHM value of S1-dip1-F3 (i.e., 12.54 ± 0.05) was higher than that of S1-F3 

(i.e., 12.27 ± 0.07). It can be concluded that S1-dip2-F3 might be a better candidate 

for photocatalytic applications under visible light irradiation. 

More detailed information on the films and their optical properties was obtained by 

UV-vis absorption spectroscopy. The UV-vis absorption spectra of the samples 

demonstrated a strong absorption band in the UV region as shown in Figure 4.30. 
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Figure 4.30. UV-Vis absorption spectra and Tauc plot for bandgap calculations for the samples (a) 

S1-F3, (b) S1-dip1-F3, and (c) S1-dip2-F3 
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S1-F3, S1-dip1-F3, and S1-dip2-F3 showed the absorption maxima (λmax) at 210 nm, 

288 nm and 289 nm, respectively. It was observed a redshift of λmax for the samples 

S1-dip1-F3 and S1-dip2-F3 with respect to S1-F3 which might be due to the defect 

formation originated from the utilization of different seed layer coating techniques 

[99]. These absorption maxima values are comparable with the UV-vis absorption 

bands centered in between 200-350 nm which are assigned to O(2p) → V(3d) 

charge-transfer transition and identified for powder AM-6 crystals [25]. 

The bandgap energies were calculated as 3.80, 3.76 and 3.71 eV for the samples S1-

F3, S1-dip1-F3, and S1-dip2-F3, respectively according to the procedure stated by 

López et al. [105]. The bandgap energies were also calculated using cut off 

wavelengths of absorption spectra which are found to be 319.81 nm, 330.66 nm, and 

337.51 nm for S1-F3, S1-dip1-F3, and S1-dip2-F3, respectively as shown in Figure 

4.30. Accordingly, the energy bandgap values were obtained as 3.87 eV, 3.75 eV, 

and 3.67 eV for S1-F3, S1-dip1-F3, and S1-dip2-F3, respectively. The calculated 

bandgap energies were found to be comparable with bandgap energies of AM-6 

crystals imported by Ismail et al. and Nash et al. [25,43]. Photons with lower energy 

excite electrons from valence band to conduction band and electron-hole pairs are 

formed due to the observed lower bandgap of S1-dip2-F3 resulting an enhanced 

photocatalytic activity [43]. Based on the data mentioned above, S1-dip2-F3 is 

expected to perform better photocatalytic activity under visible light irradiation. 

The chemical states of vanadium in the structures of S1-F3, S1-dip1-F3, and S1-

dip2-F3 films were conducted by XPS analysis technique due to the dependence of 

binding energy (BE) of the Vp3/2 core level to the oxidation state of V as shown in 

Figure 4.31 [119]. 
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Figure 4.31. XPS high resolution V 2p spectra of S1-F3, S1-dip1-F3, and S1-dip2-F3 (a) 

deconvolution of V2p3/2 XPS peak of S1-F3 (V
4+

/V
5+

=1.68), (b) deconvolution of V 2p3/2 XPS peak 

of S1-dip1-F3 (V
4+

/V
5+

=1.108) and (c) deconvolution of V 2p3/2 XPS peak of S1-dip2-F3 

(V
4+

/V
5+

=1.101) 
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XPS spectra of S1-F3, S1-dip1-F3, and S1-dip2-F3 films for V2p3/2 were 

deconvoluted into two peaks. These peaks with binding energies of 514.4 eV and 

515.4 eV for S1-F3 have been attributed to V
5+

 and V
4+

, respectively. The peaks 

centered at 515.7 eV and 515.2 eV for S1-dip1-F3 has been attributed to V
5+

 and 

V
4+

, respectively [120]. The peaks with binding energies of 515.4 eV and 514.8 eV 

for S1-dip2-F3 have been attributed to V
5+

 and V
4+

, respectively. These values are 

comparable with the binding energy values identified for V
5+

 and V
4+

 cations in the 

literature [99,119,122–124]. 

The ratio of V
4+

/V
5+

 was calculated for the samples S1-F3, S1-dip1-F3, and S1-dip2-

F3 as 1.68, 1.108, and 1.101, respectively according to the calculated areas of XPS 

peaks of V
4+

 and V
5+

. Surprisingly, close values of V
4+

/V
5+

 were obtained for S1-

dip1-F3 and S1-dip2-F3. The data obtained from the calculation of the area under 

each curve was shown in Table 4.9. 

 

Table 4.9. XPS spectral parameters for V 2p3/2 for S1-F3, S1-dip1-F3, and S1-dip2-F3: Binding 

energy (eV), and the ratio of V
4+

/V
5+

 

  V2p3/2  

 V
4+

 V
5+

  

Sample BE (eV) BE(eV) V
4+

/V
5+

 

S1-F3 514.4 515.4 1.68 

S1-dip1-F3 515.2 515.7 1.108 

S1-dip2-F3 514.8 515.4 1.101 

 

According to Table 4.9, close values of the V
4+

/V
5+

 ratio observed for the samples 

S1-dip1-F3 and S1-dip2-F3 indicate these samples contain more amounts of V
5+

 

cations with respect to S1-F3. These results indicate that vanadium exists in two 

different oxidation states (V
4+

 and V
5+

) and the amount of these oxidation states is 

different for the samples originated from the different seed layer coating technique. 
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Based on the fact that the samples S1-dip1-F3 and S1-dip2-F3 have lower values of 

V
4+

/V
5+

 ratio with respect to S1-F3, these samples are expected to be more sensitive 

to visible light due to the presumed dependence of visible light photocatalytic 

activity to the presence of V
5+

 cations [50]. 

4.3.2.2. Evaluation of the Photocatalytic Activity 

In this part of the study, the samples S1-F3, S1-dip1-F3, and S1-dip2-F3 were used 

as photocatalysts for the photocatalytic decomposition of MB under the solar light. 

Dark experiment were also carried out to control the degree of photodegradation 

upon adsorption of MB overall photocatalyst films under non-irradiation condition 

as shown in Figure 4.32-a,c, and e. 
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Figure 4.32. Absorbance of MB for S1-F3 in dark (a) and under illumination (b); S1-dip1-F3 in dark 

(c) and under illumination (d); S1-dip2-F3 in dark (e) and under illumination (f) 

 

The adsorption of MB was 50.49 % for S1-F3, 51.16 % for S1-dip1-F3, and 47.19 % 

for S1-dip2-F3 after a 240 min period under non-irradiation condition with the 

highest adsorption occurring for S1-dip1-F3 film which might be due to the rough 
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surface of this film due to the fact that surface roughness increases the surface area 

increasing the adsorption of the pollutant to the surface of the photocatalyst [20]. 

The thickness of S1-dip2-F3 is higher with respect to other samples. Therefore, it is 

not surprising that S1-dip2-F3 has the highest adsorption of MB under non-

irradiation condition. 

According to Figures 4.32 and 4.33-a, S1-dip2-F3 demonstrates the highest 

photocatalytic activity under the solar light with respect to S1-F3 and S1-dip1-F3. 

87.12 % removal of MB was observed after 240 min of solar light illumination when 

S1-dip2-F3 film was used as a photocatalyst. The percent removal of MB was 73.11 

for S1-F3 film after 240 min illumination under solar light, which is ~14% lower 

with respect to S1-dip2-F3. MB decomposed 80.85 % when S1-dip1-F3 was used as 

photocatalyst which is ~7 % lower with respect to S1-dip2-F3. These results suggest 

that S1-dip2-F3 film shows the maximum sensitivity to the solar light for 

photocatalytic decomposition of MB with respect to S1-F3 and S1-dip1-F3. 

According to the values of V
4+

/V
5+

 in Table 4.8, it is expected that S1-dip1-F3 and 

S1-dip2-F3 should have similar sensitivities to solar light. Interestingly, the 

enhanced photocatalytic activity of S1-dip2-F3 is induced by the thickness of the 

films and the adsorption of MB might play a crucial role in this reaction. 

Nevertheless, S1-dip1-F3 and S1-dip2-F3 showed significantly enhanced 

photocatalytic activity under the solar light irradiation in comparison with S1-F3. 

This might be due to the observed increased amount of V
5+

 cations in their structures 

as also predicted by different characterization techniques.  

The photoactivity observed at solar light irradiation could be due to the higher V
5+

 

ions found in S1-dip1-F3 and S1-dip2-F3 films, which is also in correlation with the 

literature data suggesting V
5+

 ions to be responsible for the photocatalytic activity 

under visible light [16,68]. However, the close proximity of the ratio V
4+

/V
5+

 cations 

observed for the samples S1-dip1-F3 and S1-dip2-F3 suggest that, a more enhanced 

photocatalytic activity observed for the S1-dip2-F3 might be induced by the 
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adsorption of MB originated from the thickness of this film instead of the higher 

amount of V
5+

 cations. 

The pseudo-first-order reaction rate constants (k) were calculated based on the 

photodegradation kinetics as shown in Figure 4.33-b. 

 

Figure 4.33. The photocatalytic removal (a), and the degradation kinetics (b) of MB for S1-F3, S1-

dip1-F3, and S1-dip2-F3 films under solar simulator (1 Abs. MB, pH 6, VMB= 10 mL) 
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The k values calculated for S1-F3 (0.0052 min
-1

), S1-dip1-F3 (0.00654 min
-1

), and 

S1-dip2-F3 (0.00832 min
-1

) are higher with respect to the k value (4,0724E-4 min-1) 

calculated for the decomposition of MB without using any photocatalyst under same 

conditions (Figure 4.26). Accordingly, the samples S1-F3, S1-dip1-F3, and S1-dip2-

F3 show photocatalytic activity for the decomposition of MB under the solar light. 

Besides, S1-dip1-F3 and S1-dip2-F3 demonstrate more enhanced photocatalytic 

activities with respect to S1-F3 as predicted from various analysis techniques. 

4.3.3. The Effect of Molar Water Content of the Secondary Growth Gel on the 

Formation and Photocatalytic Activity of AM-6 Films 

In this section, the effect of water content in the secondary growth gel on film 

formation and photocatalytic activity of the films by decreasing the molar water 

amount from 415 to 300, and by increasing it from 415 to 600. Further increase of 

the molar water amount was also carried out by increasing it from 415 to 700. The 

other parameters such as seed crystal morphology, reaction time and temperature 

were kept constant in the secondary growth procedure. Following the hydrothermal 

treatment procedure, the obtained films were used as photocatalysts for the 

decomposition of MB under the solar simulator. The obtained films were denoted as 

S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3 upon the molar water amount as 415, 

300, 600, and 700, respectively. 

4.3.3.1. Sample Characterization 

The morphological and spatial differences and the thicknesses of S1-F3 and S2-F3 

were shown in Figure 4.34. While, Figures 4.34-a, c, e, and g demonstrated the top 

view FE-SEM images of S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3, respectively; 

cross-sectional images of S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3 were shown 

in Figures 4.34-b, d, f, and h, respectively. 
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Figure 4.34. Top view and cross-sectional images of S1-F3 (a), (b); S1-F3-W1 (c), (d); S1-F3-W2 

(e), (f); S1-F3-W3 (g), (h), respectively 
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While the crystals of S1-F3 film have truncated bipyramidal morphology as shown 

in Figure 4.34-a, the crystals of S1-F3-W1 and S1-F3-W2 films (Figure 4.34-c and 

e) have bipyramidal structure. Morphological differences obtained for the samples 

may be attributed to different crystal growth rates originated from the different molar 

water amount of the secondary growth gel formula used for the formation of the 

films. As shown in Figure 4.34-g, further increase of the molar water amount causes 

deterioration in the structure of the film. In order to gain a clear understanding the 

effect of water amount, further analyses were carried out. 

 

XRD analysis technique was used to determine the purity and the crystal orientation 

of AM-6 films as shown in Figure 4.35. The peak positions of the XRD pattern of 

AM-6 films fitted with the XRD peak positions defined for AM-6 film formation 

[98]. 
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Figure 4.35. X-ray diffraction spectroscopy of the samples S1-F3 (a), S1-F3-W1 (b), S1-F3-W2 (c), 

and S1-F3-W3 (d) 

The peak positions of the XRD data of the samples S1-F3-W1, S1-F3-W2, and S1-

F3-W3 well matched with the peak positions of S1-F3 indicating that the obtained 

films are crystalline and have no impurities. The 2θ degree of ≈ 20° (i.e., (105) 

plane) was observable for S1-F3 indicating the tendency of crystals to grow in c 

direction (Figure 4.35). However, this peak loses intensity when the molar amount of 

water is altered. CPO values were also calculated for the obtained samples to 

examine the orientation of the crystals. 

Integrated intensities of the (105) and (200) planes were identified for S1-F3, S1-F3-

W1, S1-F3-W2, and S1-F3-W3 films to calculate CPO values. The equation of 

CPO200/105=((I200/I105)f-(I200/I105)p)/(I200/I105)p  defined for CPO calculation was used 

based on (200) and (105) reflections for determining the degree of a(b)-out-of-plane 

preferred orientation quantitatively [54,109]. Accordingly, the calculated CPO 

values are listed in Table 4.10. 
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Table 4.10. Thickness and CPO values of S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3 

Sample Thickness (µm) CPO200/105 

S1-F3 4.17 ± 0.08 0.39 

S1-F3-W1 2.41 ± 0.06 21.98 

S1-F3-W2 2.80 ± 0.05 17.22 

S1-F3-W3 2.80 ± 0.04 4.05 

 

As shown in Table 4.10, the samples S1-F3-W1 and S1-F3-W2 have the CPO200/105 

value of 21.98 and 17.22, respectively indicating the tendency of crystals to grow in 

a(b)-out-of-plane orientation. Therefore, it can be implied that the orientation of 

crystals could be manipulated by altering the molar water amount in the secondary 

growth gel which is crucial for the photocatalytic activity of the films due to the 

dependence of photocatalytic activity on crystal orientation [18].  

Raman spectroscopy was utilized for further investigation of the samples. 

Accordingly, characteristic V-O stretching vibration involving coordinated V
4+

 in 

AM-6 structure and centered at 870 cm
-1

 was observed at 871, 868, 870, and 870  

cm
-1

 for the samples S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3, respectively as 

shown in Figure 4.36. 
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Figure 4.36. Raman spectroscopic analysis of the samples S1-F3 (a), S1-F3-W1 (b), S1-F3-W2 (c), 

and S1-F3-W3 (d) 

 

Characteristic Raman shifts indicating the formation of the V
5+

 cation within the 

VO3
-2

 quantum wires in AM-6 crystals centered at around 950 cm
-1

 and 1092 cm
-1

 

Raman Shift were not significant for the samples [50,112]. Raman shifts observed at 

around 314 cm
-1

 and 723 cm
-1

 are ascribed to Ti-O stretching vibration indicating the 

presence of ETS-10 crystals [48,49]. The other observable peak centered at 640 cm
-1

 

is attributed to the bridging vibration of V-O-Si [128]. 

 

FWHM was also calculated for 870 cm
-1

 vibration band in Raman spectra to identify 

the length homogeneity and the quality of the quantum wires in AM-6 crystals [111]. 

The calculation of FWHM could be a way to determine the defect formation in the 

VO6 quantum wires originated from the altering of the molar water content of the 

secondary growth gel formula which might increase the photocatalytic effectiveness 
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of the films. FWHM values obtained from the main band of V-O stretching of 870 

cm
-1

 for each film were shown in Table 4.11. 

 

Table 4.11. Raman shift and FWHM (full-width half-maximum) values belonging to V-O stretching of 

S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3 

Samples V-O Stretching (cm
-1

) FWHM of V-O stretching 

S1-F3 871 12.27 ± 0.07 

S1-F3-W1 868 12.73 ± 0.04 

S1-F3-W2 870 13.17 ± 0.09 

S1-F3-W3 870 13.04 ± 0.06 

 

The sample S1-F3-W2 has the maximum broadening of V-O stretching vibration 

(i.e., 13.17 ± 0.09). S1-F3-W1 and S1-F3-W3 have also a higher degree of 

broadening (i.e., 12.73 ± 0.04 and 13.04 ± 0.06) with respect to S1-F3 (i.e., 12.27 ± 

0.07). It can be inferred that S1-F3-W2 might be a better candidate for photocatalytic 

applications under the solar light. 

The samples were also analyzed by UV-Vis absorption spectroscopy to determine 

the optical properties of the samples S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3. 

Figure 4.37 shows a strong absorption observed in the UV region for all four 

samples. 
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Figure 4.37. UV-Vis absorption spectra and Tauc plot for bandgap calculations for the samples (a) 

S1-F3, (b) S1-F3-W1, (c) S1-F3-W2, and (c) S1-F3-W3 

 

The absorption maxima (λmax) in the UV region were observed at 210 nm, 265 nm, 

253 nm and 253 nm for S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3, respectively. 

It was seen a redshift in the UV-vis absorption spectra of the samples S1-F3-W1, S1-

F3-W2, and S1-F3-W3 with respect to S1-F3 which could be due to the defect 

formation originated from different molar water content of the secondary growth gel 

formula [99]. The λmax values observed are similar to the absorption band assigned 

for O(2p) → V(3d) charge-transfer transition, centered in between 200-350 nm and 

identified for powder AM-6 [25]. 

The bandgap energies of the samples were calculated according to the procedure 

applied by López et al. and obtained as 3.80, 3.82, 3.77, and 3.72 eV for the samples 

S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3, respectively [105]. The absorption 
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edge of the absorption spectra was also determined for the samples S1-F3, S1-F3-

W1, S1-F3-W2, and S1-F3-W3 as 319.81 nm, 323.18 nm, 328.59 nm, and 327.95 

nm, respectively. Accordingly, the energy bandgap values of the samples were 

calculated using the equation of 𝐸 =
ℎ𝑐

𝜆
, where λ is the absorption edge, h is Planck 

constant, c is velocity of light, and E is energy. The calculated bandgap energies of 

the samples were found to be as 3.87 eV, 3.84 eV, 3.77 eV, and 3.78 eV for S1-F3, 

S1-F3-W1, S1-F3-W2, and S1-F3-W3, respectively. The calculated bandgap energy 

values obtained using both methods are consistent with the bandgap energy 

identified for AM-6 structure [25]. The bandgap energies of S1-F3-W2 and S1-F3-

W3 are narrower with respect to the bandgap energy of S1-F3. Lower bandgap 

energy could facilitate electrons to excite to conduction band enhancing the 

photocatalytic activity [43]. Therefore, S1-F3-W2 and S1-F3-W3 are expected to 

perform better photocatalytic activity under the solar light. 

Different oxidation states of vanadium in the structure of AM-6 films was 

determined by using XPS analysis technique based on the dependence of binding 

energy (BE) of the Vp3/2 core level to the oxidation state of V as shown in Figure 

4.38 [119]. In order to identify different oxidation states of vanadium (i.e., V
5+

 and 

V
4+

), V2p3/2 level was deconvoluted into two peaks [120,121]. 
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Figure 4.38. XPS high resolution V 2p spectra of S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3. 

deconvolution of V2p3/2 XPS peak of S1-F3 (V
4+

/V
5+

=1.68) (a), deconvolution of V 2p3/2 XPS peak 

of S1-F3-W1 (V
4+

/V
5+

=2.06) (b), and deconvolution of V 2p3/2 XPS peak of S1-F3-W2 

(V
4+

/V
5+

=1.06) (c) 
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Accordingly, V2p3/2 level of S1-F3 deconvoluted to 514.4 eV and 515.4 eV which 

have been attributed to V
5+

 and V
4+

, respectively. The peaks centered at 516.5eV and 

515.5 eV have been attributed to V
5+

 and V
4+

, respectively for S1-F3-W1. The peaks 

with binding energies of 516.0 eV and 515.4 eV have been attributed to V
5+

 and V
4+

, 

respectively for S1-F3-W2. The binding energy values observed for the samples are 

comparable with the binding energy values identified for V
5+

 and V
4+

 cations in the 

literature [99,119,122–124]. Unfortunately, XPS analysis of S1-F3-W3 could not be 

carried out due to the technical problems related to XPS. Nevertheless, the ratio of 

V
4+

/V
5+

 is expected higher with respect to S1-F3 as can be predicted from other 

analysis techniques. 

The total area of the XPS peaks of V
4+

 and V
5+

 were accepted as 100 %. 

Accordingly, the ratio of V
4+

/V
5+

 was calculated as 1.68, 2.06, and 1.06 for the 

samples S1-F3, S1-F3-W1, and S1-F3-W2. Table 4.12 was created using these data 

obtained from the calculation of the area under each curve. 

 

Table 4.12. XPS spectral parameters for V 2p3/2 for S1-F3, S1-F3-W1, S1-F3-W2, and S1-F3-W3: 

Binding energy (eV), and the ratio of V
4+

/V
5+

 

  V2p3/2  

 V
4+

 V
5+

  

Sample BE (eV) BE(eV) V
4+

/V
5+

 

S1-F3 514.4 515.4 1.68 

S1-F3-W1 515.5 516.5 2.06 

S1-F3-W2 515.4 516.0 1.06 

 

The calculated percentage of different oxidation states of vanadium (i.e., V
4+ 

and 

V
5+

) based on XPS results and demonstrated in Table 4.12 indicates that the quantity 

of V
5+

 cations is greater in S1-F3-W2 with respect to other samples. Besides, the 

ratio of V
4+

/V
5+

 is increased with a decreasing amount of molar water content of the 

secondary growth gel formula. It can be deduced that the quantity of V
5+

 cations is 

decreased in S1-F3-W1 which makes this sample unfavorable as a photocatalyst 
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under visible light irradiation. These results indicate that vanadium exists in two 

oxidation states (V
4+

 and V
5+

) and the amount of these oxidation states is different 

for the samples originated from the utilization of different molar water content for 

the formation of AM-6 films.  

In addition to the observed morphological differences between S1-F3, S1-F3-W1, 

S1-F3-W2, and S1-F3-W3, it can be inferred that vanadium exists in two different 

oxidation states in the structure of the films upon the changes induced with the 

different molar water content of the secondary growth gel. Accordingly, S1-F3-W2 

is expected to be more effective as visible light photocatalyst due to its lower ratio of 

V
4+

/V
5+

 based on the fact that visible light photocatalytic activity is dependent on the 

presence of V
5+

 cations [50]. 

4.3.3.2. Evaluation of the Photocatalytic Activity 

The samples S1-F3, S1-F3-W2, and S1-F3-W3 were used as photocatalysts for the 

decomposition of MB under the solar light. Photocatalysis experiments could not be 

carried out for S1-F3-W1 due to weak adsorption of AM-6 crystals constituting S1-

F3-W1 film. The crystals were peeled off the substrate surface. Dark experiments 

were also carried out for the samples S1-F3, S1-F3-W2, and S1-F3-W3 to 

investigate the degree of photodegradation upon adsorption of MB overall 

photocatalyst films under non-irradiation condition as shown in Figure 4.39-a, c, and 

e. 
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Figure 4.39. Absorbance of MB for S1-F3 in dark (a) and under illumination (b); S1-F3-W2 in dark 

(c) and under illumination (d); S1-F3-W3 in dark (e) and under illumination (f)  

 

The adsorption of MB was obtained as 50.49 % for S1-F3, 44.29 % for S1-F3-W2, 

and 26.68 % for S1-F3-W3 after a 240 min period with the highest adsorption 
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occurring for S1-F3 which might be due to the highly porous structure and rough 

surface of the samples [20,25].  

According to Figures 4.39 and 4.40-a, S1-F3-W2 demonstrates higher photocatalytic 

activity under the solar light with respect to S1-F3 and S1-F3-W3. 84.98 % removal 

of MB was observed after 240 min of the solar light illumination when S1-F3-W2 

film was used as a photocatalyst. The percent removal of MB was 73.11 for S1-F3 

film after 240 min illumination under the solar light which is ~12 % lower with 

respect to S1-F3-W2. MB degraded 77.78 % when S1-F3-W3 was used as 

photocatalyst which is ~7 % lower with respect to S1-F3-W2. These results suggest 

that S1-F3-W2 is more sensitive to the solar light for photocatalytic decomposition 

with respect to S1-F3 and S1-F3-W3. Another significant result was the increased 

photocatalytic activity of S1-F3-W2 under the solar light irradiation in comparison 

with S1-F3 and S1-F3-W3 arising from different amounts of V
5+

 cations in their 

structures as predicted from various analysis techniques due to the alteration of the 

molar water content of the secondary growth gel formula used for the formation of 

AM-6 films. It was shown that S1-F3-W2 film possessed more V
5+

 ions than S1-F3 

and S1-F3-W3 film. Thus, the photoactivity observed at solar light irradiation could 

be due to the higher V
5+

 ions found in S1-F3-W3 films, which is also in correlation 

with the literature data suggesting V
5+

 ions to be responsible for the photocatalytic 

activity under visible light [16,68]. 
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Figure 4.40. The photocatalytic removal (a), and the degradation kinetics (b) of MB for S1-F3, S1-

F3-W2, and S1-F3-W3 films under solar simulator (1 Abs. MB, pH 6, VMB= 10 mL) 

 

The pseudo-first-order reaction rate constants (k) were calculated based on the 

photodegradation kinetics as shown in Figure 4.39-b. The k values calculated for S1-

F3 (0.0052 min
-1

), S1-F3-W2 (0.00796 min
-1

) and S1-F3-W3 (0.00621 min
-1

) are 

higher with respect to the k value (4,0724E-4) calculated for the decomposition of 
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MB without using any photocatalyst under same conditions. Accordingly, S1-F3, 

S1-F3-W2, and S1-F3-W3 show photocatalytic activity for the decomposition of MB 

under the solar simulator. The photocatalytic activity of S1-F3-W2 was found to be 

higher with respect to S1-F3 and S1-F3-W3 as also predicted from various analysis 

techniques. 

In order to increase the percent photodegradation of MB up to 100 %, the sample S2-

F3 was used as a photocatalyst for the decomposition of MB. The photocatalytic 

performance of S2-F3 was investigated by evaluating the percent removals of MB 

dye at every 30 minutes up to 360 minutes under the solar simulator at room 

temperature. The results were shown in Figure 4.41. 
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Figure 4.41. Absorbance (a), and percent degradation (b) of MB for S2-F3 film as photocatalyst 

under solar light (1 Abs. MB, pH 6, VMB= 10 mL) 

 

S2-F3 was selected as a photocatalyst due to its low adsorption capacity in dark and 

high photodegradation property under the solar light illumination. According to 

Figure 4.41, 97.6 % degradation of MB was obtained under the solar light after 360 

minutes. 
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CPO, V
4+

/V
5+

 ratio, FWHM, and k values of the samples prepared in Section 4.3 

were summarized in Table 4.13. 

Table 4.13. CPO, FWHM, V4+/V5+, and k values of AM-6 films 

Sample CPO V
4+

/V
5+

 FWHM k 

S1-F2 7.66 1.12 12.17 - 

S1-F3 0.39 1.68 12.27 0.00520 

S2-F3 14.05 1.17 12.66 0.00749 

S1-dip1-F3 3.15 1.108 12.54 0.00654 

S1-dip2-F3 3.17 1.101 12.66 0.00832 

S1-F3-W1 21.98 2.06 12.73 - 

S1-F3-W2 17.22 1.06 13.17 0.00796 

S1-F3-W3 4.05 - 13.04 0.00621 

 

According to Table 4.13, chemistry of the secondary growth gel, seed crystal 

morphology, seed layer coating technique and the molar water content of secondary 

growth gel are the parameters which are highly effective for AM-6 film formation. It 

is clear that altering these parameters creates different CPO, V
4+

/V
5+

 ratio, FWHM, 

and k values.  

It has been already studied that crystal orientation is effective on photocatalytic 

activity. Jang et al. synthesized ZnO crystals with different morphologies as 

photocatalysts for photocatalytic H2O2 generation. They claimed that photocatalytic 

activity is dependent upon a particular crystal plane. They determined the amount of 

Zn (0001) faces for the synthesized nanoplates, nanorods, microrods, and dumbbell-

shaped ZnO crystals. Nanoplates with the highest population of Zn (0001) faces 

demonstrated the most enhanced photocatalytic activity for H2O2 generation. The 

enhanced photocatalytic activity observed for nanoplates was attributed to the 

polarity of Zn (0001) face. Oxygen molecules can easily be adsorbed on this face 

[18]. Similar to this study stated by Jang et al., a(b)-out-of-plane orientation can be 

photocatalytically preferable for our samples. According to Table 4.13, S2-F3 and 
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S1-F3-W2 have higher CPO values and showed more enhanced photocatalytic 

activity with respect to S1-F3. CPO represent the degree of a(b)-out-of-plane 

orientation. According to Table 4.13, seed layer coating technique do not change 

CPO, FWHM or V
4+

/V
5+

 ratio dramatically. However, k values of S1-dip1-F3 and 

S1-dip2-F3 were found to be higher with respect to S1-F3. Photocatalytic activity 

observed for S1-dip1-F3 and S1-dip2-F3 are most probably originated from the 

adsorption of MB dye due to the thickness of the films. 

A broadening observed in FWHM indicates defect formation in the structure due to 

the fact that FWHM express the quality of VO6 chains. The ratio V
4+

/V
5+

 is crucial 

for photocatalytic activity due to the fact that V
5+

 cations are responsible for the 

photocatalytic activity under visible light irradiation. Therefore, it is expected that 

the samples with higher amount of V
5+

 cations or lower V
4+

/V
5+

 ratio show enhanced 

photocatalytic activity under visible light irradiation.  

Altering the molar water content of the secondary growth gel affects pH and 

supersaturation level and consequently film formation. Increasing the molar water 

content decreases the supersaturation level. Primary nucleation is suppressed and 

larger crystals are formed. Increased amount of water leads different crystal growth 

rate and crystallinity resulting in different crystal orientation and photocatalytic 

activity. Further increase of molar water content can hinder the growth of zeolite 

crystals. The significance of molar water content for the formation of AM-6 films 

can be observed from Table 4.13. The adsorption of AM-6 crystals on the substrate 

surface was weaker for AM-6 films prepared by using decreased amount of water. 

Therefore, S1-F3-W1 could not be utilized as a photocatalyst. CPO and FWHM 

values were increased and V
4+

/V
5+

 ratio was decreased with increasing amount of 

water (S1-F3-W2). Accordingly, S1-F3-W2 is expected to perform better 

photocatalytic activity with respect to S1-F3. Further increase of molar water content 

caused deterioration in the structure of AM-6 films. 
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Figure 4.42 demonstrates the relationship between the ratio of V
4+

/V
5+

 and 

photocatalytic reaction rate constant (k) and also CPO values for AM-6 films.  

 

 

Figure 4.42. CPO vs V
4+

/V
5+

 ratio for the samples 

 

The samples S1-F3-W1 and S1-F3-W3 could not be used for creating the Figure 

4.42. Photocatalysis experiments could not be carried out for S1-F3-W1 due to weak 

adsorption of AM-6 crystals constituting S1-F3-W1 film. The crystals were peeled 

off the substrate surface. Therefore, the photocatalytic reaction rate constant (k) 

could not be obtained for S1-F3-W1. XPS analysis of S1-F3-W3 could not be carried 

out due to the technical problems related to XPS. Thus, the ratio of V
4+

/V
5+

 could 

not be calculated for S1-F3-W3. Hereby, the samples S1-F3-W1 and S1-F3-W3 have 

to be excluded creating the graph shown in Figure 4.42. 
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CPO and V
4+

/V
5+

 values of AM-6 films prepared by using different parameters such 

as seed crystal morphology, seed layer coating technique, and the molar water 

content of the secondary growth gel were shown in Figure 4.42. The current results 

suggest that, lower the V
4+

/V
5+

 ratio for the films with identical synthesis solution, 

higher the photocatalytic activity is obtained. This trend cannot be obtained for 

thicker films as a function of film thickness. This may be due to the combined effect 

of adsorption of MB and photocatalytic activity, where more pronounced effect 

dependent on the adsorption of MB might be occurred. Although one to one 

correlation cannot be drawn between the CPO and V
4+

/V
5+

 values, in the current 

study V
5+

 was observed to be increased for the samples with higher CPO values. 

Therefore, the samples with relatively higher a(b)-out-of-plane preferred orientation 

also possessed higher V
5+

 with enhanced photocatalytic activity as well. 

The current thesis study focuses on the methodologies for tailoring the defect sites 

for hydrothermally grown AM-6 zeo-type films, which was shown to affect the 

visible light photocatalytic activities. Although it is highly speculative to draw any 

conclusion among different film parameters such as growth orientation and defect 

formation, it can be hypothesized that AM-6 thin films with aimed film properties 

can be optimized for enhanced photocatalytic applications. More detailed studies are 

necessary to directly draw a conclusion between growth orientation, defect 

formation and the catalytic performances which were shown to be interrelated in this 

current thesis study. 
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CHAPTER 5  

 

5. SUMMARY, CONCLUSION, AND FURTHER SUGGESTIONS 

 

Microporous vanadosilicate AM-6 films were produced on conductive ITO coated 

glass substrates for the first time by using secondary growth gels with different 

molar compositions, which were originally for the synthesis of AM-6 powders. It 

was demonstrated that S1-F3 was the purest film with respect to others having only 

one oxidation state (i.e., V
4+

) in its 1-D VO3
-2

 quantum wires. According to 

CPO200/105 values obtained from XRD analyses, S1-F1 and S1-F2 had the tendency 

to grow in a(b)-out-of-plane orientation, while S1-F3 in c direction, which was 

attributed to the differences between crystal growth rates in different orientations. 

Moreover, the effect of reaction temperature and the amount of water on 

morphology and crystal orientation were investigated for S1-F1 films. It was 

demonstrated that the preferred crystal orientation can be manipulated by changing 

the amount of water in the secondary growth gel. The increase in water content led 

to an increase in CPO value.  The increase in reaction temperature (i.e., from 503 K 

to 528 K) led to a decrease in reaction time, resulting in the formation of quartz 

impurity. 

Microporous vanadosilicate AM-6 and microporous titanosilicate ETS-10 samples in 

thin form were used as photocatalysts for the photocatalytic decomposition of MB. 

There was no significant difference between the percent removals of MB when the 

samples were used as photocatalyst under UV irradiation. Vanadosilicate AM-6 thin 

films produced by using different molar compositions demonstrated different 

photocatalytic responses under visible light irradiation based upon different 

oxidation states of vanadium cation (i.e., V
4+

 and V
5+

) present in their framework. 

The different oxidation states of vanadium were indicated by XPS and Raman 

analysis techniques. It was demonstrated that S1-F2 film with the largest amount of 
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V
5+

 cation showed increased photocatalytic activity with respect to S1-F3 under 

visible light irradiation. Therefore, it was shown that vanadosilicate AM-6 thin films 

as photocatalysts are sensitive to visible light and this sensitivity could be changed 

using different synthesis conditions during the synthesis of these films. To enhance 

the photocatalytic activity of S1-F2, Ag
0
 nanoparticles were incorporated into S1-F2. 

The results showed that Ag
0
 nanoparticle incorporation provided a slight increase for 

the photocatalytic activity since Ag
0
 nanoparticle incorporation extends the light 

absorption spectrum into the visible region, hinders the recombination of 

electron/hole pairs through the electron transfer to the Ag sites, and enhances the 

surface electron excitation due to surface plasmon resonance effect. However, no 

significant difference for the photocatalytic decomposition of MB under visible light 

irradiation was observed. This may be attributed to the structural damage of …V-O-

V-O-V… chains arising from silver nanoparticle incorporation. 

To investigate the parameters such as seed morphology, seed layer coating 

technique, and molar water content of the secondary growth gel on the formation and 

photocatalytic effectiveness of vanadosilicate AM-6 films, various modifications 

were studied for preparation of AM-6 films. In this regard, ETS-10 crystals with 

different morphologies (i.e., bipyramidal and cubic) were synthesized as seed 

crystals. Vanadosilicate AM-6 films were grown hydrothermally on ETS-10 crystals 

with different morphologies. The obtained AM-6 films showed differences 

structurally and had different V
4+

/V
5+

 ratio resulting in different photocatalytic 

activity due to the fact that V
5+

 cation is responsible for the photocatalytic activity 

under visible light irradiation. AM-6 films grown on cubic shaped ETS-10 seed 

crystals demonstrated an enhanced photocatalytic activity. Afterward, different types 

of seed layer coating techniques were applied to prepare AM-6 films using 

bipyramidal shaped ETS-10 crystals as a seed layer. AM-6 films obtained by using 

seed layer coated with different techniques demonstrated structural differences and 

distinctive photocatalytic activities. AM-6 films produced by using 2 times dip-

coated and bipyramidal-shaped ETS-10 crystals showed enhanced photocatalytic 
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activity with respect to the other samples. Finally, the molar water content of the 

secondary growth gel formula was altered to investigate the effect of water on the 

formation and photocatalytic activity of AM-6 films. Decreasing the molar water 

content caused crystals of AM-6 films to peel off the surface. Therefore, these 

samples could not be used as photocatalysts. Increasing the molar water content of 

the secondary growth gel formula has led an increase in the amount of V
5+

 cation 

and also photocatalytic activity. Further increase of molar water content caused 

structural damage and further increase of photocatalytic activity of AM-6 films 

could not be obtained. 

It is believed that AM-6 film formation is crucial for advanced application areas 

such as electrochromic films, sensors and etc. along with photocatalysis to benefit 

from the unique properties of microporous vanadosilicate AM-6. 
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APPENDICES 

 

 

A. Calculation of the Energy Bandgap 

UV-Vis absorption spectroscopy and energy bandgap calculation of S1-F3 are 

shown in Figure A1. 

 

Figure A.1. UV-Vis absorption spectroscopy of S1-F3 and Tauc Plot for energy bandgap calculation 

 

Energy bandgap calculation was carried out by using UV-Vis absorption spectra. 

Reflectance data was collected and transformed into absorbance data with Kubelka-

Munk Function as shown in Equation A.1.  

                    𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 =
(1−𝑅)2

2𝑅
                                     Equation A.1 

where R is reflectance. 
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The absorption coefficient (α) of the films was calculated using Equation A.2. 

                              𝛼 =
𝐴𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
                                    Equation A.2 

Energy values of the light source was calculated according to the Equation A.3. 

                              𝐸𝑛𝑒𝑟𝑔𝑦 =
ℎ𝑐

𝜆
                                      Equation A.3  

where h is Planck constant, c is speed of light, and λ is wavelength of the light. 

Afterward, the value (α x Energy)
2
 was calculated and Tauc Plot was obtained 

drawing a graph of (α x Energy)
2
 versus Energy. A slope of the graph was drawn and 

energy bandgap was obtained. 
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B. Calculation of the Degradation Kinetics of MB Without Using any 

Photocatalayst 

The calculation of the pseudo-first-order reaction rate constant (k) was carried out 

based on the photodegradation kinetics of MB without using any photocatalysts. 

Accordingly, MB was also exposed to solar light for 240 minutes uninterruptedly 

under the solar light. The photocatalytic removal of MB and its photodegradation 

kinetics are shown in Figure A.2. 

 

 

Figure A.2. The photocatalytic removal (a), and the degradation kinetics (b) of MB without using any 

photocatalysts under solar light (1 Abs. MB, pH 6, VMB= 10 mL) 

 

The pseudo-first-order reaction rate constant (k) was calculated following the 

Equation A.4. 

                     ln (
𝐶𝑡

𝐶0
) = 𝑘 × 𝑡𝑖𝑚𝑒(𝑚𝑖𝑛. )                               Equation A.4  

Accordingly, the slope of photodegradation kinetics graph shown in Figure A.2-b 

was calculated as 4.0724E-4 min
-1

 indicating the k value of MB without using any 

photocatalysts. 
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C. Calculation of the Degradation Kinetics of MB for S1-F3 and S2-F3 as 

Photocatalayst 

The pseudo-first-order reaction rate constants (k) based on the photodegradation 

kinetics of S1-F3 and S2-F3 as shown in Figure A.3. 

 

 Figure A.3. The photocatalytic removal (a), and the degradation kinetics (b) of MB for S1-F3 and 

S2-F3 films under solar simulator (1 Abs. MB, pH 6, VMB= 10 mL) 

 

The pseudo-first-order reaction rate constant (k) was calculated following the 

Equation A.4. Accordingly, the slope of photodegradation kinetics graph shown in 

Figure A.3-b was calculated as 0.0052 min
-1

 for S1-F3, 0.00749 min
-1

 for S2-F3 

indicating the k values of S1-F3 and S2-F3, respectively. These values are much 

higher with respect to the k value of MB signifying S1-F3 and S2-F3 films show 

photocatalytic activity. 
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