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Semiconductor oxide thin films have sparked significant interest in 

the realm of materials science and engineering due to their distinct 

physical, chemical, and electrical characteristics, rendering them valuable 

in a broad array of applications. These films typically possess thicknesses 

ranging from a few nanometers to a few micrometers and are commonly 

deposited on different substrates utilizing diverse techniques like 

sputtering, pulsed laser deposition, or chemical vapor deposition. 

Extensive research is being conducted on oxide thin films for their 

potential applications in microelectronics, optics, energy storage, sensing, 

and catalysis. For instance, in the field of microelectronics, oxide thin films 

are being investigated for their suitability as high-k gate dielectrics, 

ferroelectric memory elements, and transparent conductive oxides for 

displays and solar cells. In optics, these thin films find utility as anti-

reflective coatings, optical filters, and waveguides. In the realm of energy 

storage, oxide thin films are employed in supercapacitors, batteries, and 

fuel cells. 

The present thesis is focused on the synthesis of transparent thin 

films on glass surfaces in order to provide them with new properties such 

as the degradation of contaminants or bacterial agents. This objective 

originates from the daily emergence of new social needs, which 

necessitates the constant production of new materials to help build a better 

future. It is a proven fact that there is a growing demand for new, highly 

specialised materials that are capable of meeting society's diverse 

requirements. One of these needs is the generation of an environment free 

of pollutants and pathogenic bacteria that can affect our health. 
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In this sense, the present thesis deals with the synthesis, 

characterisation and application of oxides, both in powder and thin film 

form, which have a wide range of applications. In particular titanium 

oxides and zinc oxides, functionalised with nanoparticles in order to 

improve their properties as antimicrobial agents or photocatalysts. This 

wide range of applications lies in the fact that these thin-film synthesised 

oxides absorb UV radiation by forming reactive oxygen species capable of 

degrading pollutants such as bacterial agents. Moreover, as they are 

synthesised in thin film form they do not affect the transparency of the 

substrate and are easily functionalised with nanoparticles improving their 

optical properties.  

In this way, using the oxides ZnO and TiO2, the study of their 

optical properties and their use as photocatalysts has been approached. 

This doctoral thesis is therefore divided into four parts. Chapter 1 is 

centred around an introductory chapter, which is dedicated to the study of 

the structural characteristics of these oxides, the different phases that can be 

formed depending on the structure, as well as the different synthesis 

methods to produce both powder and thin films. In addition, the use of 

these oxides as photocatalysts and their different applications thanks to this 

property will be introduced. 

Chapter 2 sets out the objectives of this doctoral thesis, following 

on from chapter 3 which is based on the synthesis and characterisation of a 

ZnO-based composite with Ag NPs that has strong bactericidal and 

bacteriostatic properties in order to obtain a powder to functionalise 

surfaces and give them new properties.  
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This section led to the publication of a scientific article in a high 

impact journal in this field, Applied Sciences (Switzerland). 

A third part, corresponding to chapter 4 and 5, where transparent 

thin layers are directly generated on glass surfaces in order to give them 

other properties, in this case photocatalytic and bactericidal activity. 

Fundamentally, the interaction of UV light with these films was studied and 

how they were able to generate reactive oxygen species in order to degrade 

environmental pollutants or bacteria.  

Specifically, chapter 4 is based on the study of transparent TiO2 thin 

films whose photocatalytic and bactericidal properties are enhanced by 

incorporating Ag NPs on their surface and chapter 5 is based on transparent 

ZnO thin films on glass also studying their interaction with UV light to 

evaluate the same properties as in the case of titanium oxide. This section 

resulted in the publication of two scientific articles in the high impact 

journals in this field, Applied Surface Science and Ceramics Internacional.  

Finally, in the last chapter, chapter 6, the different conclusions 

drawn from the studies carried out in this thesis are presented as a whole.  
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Las películas finas de óxido semiconductor han despertado un gran 

interés en el campo de la ciencia y la ingeniería de materiales debido a sus 

características físicas, químicas y eléctricas, que las hacen valiosas para una 

amplia gama de aplicaciones. Estas películas suelen tener espesores que 

oscilan entre unos pocos nanómetros y unos pocos micrómetros y suelen 

depositarse sobre distintos sustratos utilizando diversas técnicas como el 

sputtering, la deposición por láser pulsado o la deposición química en fase 

vapor. 

Se están llevando a cabo numerosas investigaciones sobre las 

películas finas de óxido por sus posibles aplicaciones en microelectrónica, 

óptica, almacenamiento de energía, detección y catálisis. En el campo de la 

microelectrónica, por ejemplo, se están investigando las películas finas de 

óxido por su idoneidad como dieléctricos de puerta de alta k, elementos de 

memoria ferroeléctricos y óxidos conductores transparentes para pantallas y 

células solares. En el campo de la óptica, estas películas finas son útiles 

como revestimientos antirreflectantes, filtros ópticos y guías de ondas. En 

el campo del almacenamiento de energía, las películas finas de óxido se 

emplean en supercondensadores, baterías y pilas de combustible. 

La presente tesis se centra en la síntesis de películas delgadas 

transparentes sobre superficies de vidrio para dotarlas de nuevas 

propiedades como la degradación de contaminantes o agentes bacterianos. 

Este objetivo tiene su origen en la aparición diaria de nuevas necesidades 

sociales, que hacen necesaria la producción constante de nuevos materiales 

que ayuden a construir un futuro mejor.  
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Es un hecho probado que existe una demanda creciente de nuevos 

materiales altamente especializados que sean capaces de satisfacer las 

diversas necesidades de la sociedad. Una de estas necesidades es la 

generación de un medio ambiente libre de contaminantes y bacterias 

patógenas que puedan afectar a nuestra salud. 

En este sentido, la presente tesis aborda la síntesis, caracterización y 

aplicación de óxidos, tanto en polvo como en lámina delgada, que 

presentan un amplio abanico de aplicaciones. En particular, óxidos de 

titanio y óxidos de zinc, funcionalizados con nanopartículas para mejorar 

sus propiedades como agentes antimicrobianos o fotocatalizadores. Este 

amplio abanico de aplicaciones radica en que estos óxidos sintetizados en 

capa fina absorben la radiación UV formando especies reactivas de oxígeno 

capaces de degradar contaminantes como los agentes bacterianos. Además, 

al estar sintetizados en forma de película fina no afectan a la transparencia 

del sustrato y son fácilmente funcionalizables con nanopartículas 

mejorando sus propiedades ópticas.  

De esta forma, utilizando los óxidos ZnO y TiO2, se ha abordado el 

estudio de sus propiedades ópticas y su uso como fotocatalizadores.Esta 

tesis doctoral se divide, por tanto, en cuatro partes. El capítulo 1 se centra 

en un capítulo introductorio, dedicado al estudio de las características 

estructurales de estos óxidos, las diferentes fases que se pueden formar en 

función de la estructura, así como los diferentes métodos de síntesis para 

producir tanto polvo como láminas delgadas. Además, se introducirá el uso 

de estos óxidos como fotocatalizadores y sus diferentes aplicaciones 

gracias a esta propiedad. 
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En el capítulo 2 se exponen los objetivos de esta tesis doctoral, 

dando continuidad al capítulo 3 que se basa en la síntesis y caracterización 

de un compuesto a base de ZnO con NPs de Ag que presenta fuertes 

propiedades bactericidas y bacteriostáticas con el fin de obtener un polvo 

para funcionalizar superficies y dotarlas de nuevas propiedades.  

Esta sección dio lugar a la publicación de un artículo científico en 

una revista de gran impacto en este campo, Applied Sciences (Suiza). 

Una tercera parte, correspondiente a los capítulos 4 y 5, en la que se 

generan directamente capas finas transparentes sobre superficies de vidrio 

para conferirles otras propiedades, en este caso actividad fotocatalítica y 

bactericida. Fundamentalmente, se estudió la interacción de la luz UV con 

estas películas y cómo eran capaces de generar especies reactivas de 

oxígeno para degradar contaminantes ambientales o bacterias.  

En concreto, el capítulo 4 se basa en el estudio de láminas delgadas 

transparentes de TiO2 cuyas propiedades fotocatalíticas y bactericidas se 

ven potenciadas al incorporar NPs de Ag en su superficie y el capítulo 5 se 

basa en láminas delgadas transparentes de ZnO sobre vidrio estudiando 

también su interacción con la luz UV para evaluar las mismas propiedades 

que en el caso del óxido de titanio. Este apartado ha dado lugar a la 

publicación de dos artículos científicos en las revistas de mayor impacto en 

este campo, Applied Surface Science y Ceramics Internacional.  

Finalmente, en el último capítulo, el 6, se presentan en conjunto las 

diferentes conclusiones extraídas de los estudios realizados en esta tesis. 
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CHAPTER 1 

 

Introduction 

 

 

 

 

 

 

 

 

 
“Nature has evolved for millions of years to solve problems. If we can learn 

from that and emulate it, we can solve many technological problems.” 

Joanna Aizenberg 
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1.1. Motivation of work   

    

Semiconductor oxide thin films have garnered significant interest in 

the field of materials science and engineering due to their unique physical, 

chemical, and electrical properties, making them useful in a wide range of 

applications [1,2]. These thin films typically have a thickness ranging from 

a few nanometers to a few micrometers and are typically deposited on 

various substrates using different techniques, such as sputtering, pulsed 

laser deposition, or chemical vapor deposition [3–5]. Oxide thin films are 

being extensively researched for their potential applications in 

microelectronics, optics, energy storage, sensing, and catalysis [6–8] 

(Figure 1.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 Potential applications of oxide semiconductors 
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For example, in microelectronics, oxide thin films are being 

explored for their use in high-k gate dielectrics, ferroelectric memory, and 

transparent conductive oxides for displays and solar cells [9–12]. In optics, 

these thin films are used as anti-reflective coatings, optical filters, and 

waveguides [13,14] . In energy storage, oxide thin films are used in 

supercapacitors, batteries, and fuel cells [15–17], while in sensing, these 

thin films are utilized as gas sensors, humidity sensors, and biosensors 

[18,19]. 

Additionally, oxide thin films also have applications in catalysis, 

where they are used as catalysts or catalyst supports in various chemical 

reactions. A branch of catalysis with more interest in the field of thin films 

is photocatalysis. Photocatalysis is a process that utilizes light energy to 

drive chemical reactions, and it has become a critical area of research due 

to its potential applications in various fields, including energy production, 

environmental remediation, and medicine [20–24]. One of the key 

advantages of thin film oxides in photocatalysis is that they offer a large 

surface area-to-volume ratio, which enhances their catalytic activity 

[25,26].This is because the high surface area allows for more efficient light 

absorption and greater interaction between the catalyst and the reactants 

[27].  

In addition, thin film oxides can be engineered to have specific 

properties that are tailored to the desired photocatalytic application. For 

example, the morphology, crystal structure, and chemical composition of 

the oxide film can be adjusted to optimize its performance for a particular 

reaction [28,29].  
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Overall, the use of thin film oxides in photocatalysis research is 

critical for advancing this field and developing new technologies that can 

benefit society. With continued research and development, it is likely that 

thin film oxides will play an increasingly important role in the development 

of new and improved photocatalytic systems in the future [30,31]. 

 

The most commonly used oxide thin films are metal oxides, such as 

titanium dioxide (TiO2), zinc oxide (ZnO), and indium oxide (In2O3), and 

transition metal oxides, such as tungsten oxide (WO3), molybdenum oxide 

(MoO3), bismuth vanadate (BiVO4) and vanadium oxide (VOx) [32–36].  



 

6  

 

1.2. Semiconductor Oxides 

 
1.2.1. Crystal Structure and Defects in Semiconductor 

Oxides 

 
Semiconductors can be differentiated based on many criteria, which 

are contingent upon their specific characteristics and intended uses. One 

possible approach of categorising these compounds is by examining their 

electronic band structure, the periodic table (namely groups 2,3,4,5 and 6 

compounds), crystalline structure, or electrical characteristics. None of the 

aforementioned classification schemes can be universally deemed as 

entirely satisfactory [37,38].  

 

Consequently, we refrain from adhering to any particular and 

inflexible scheme. Instead, we employ these diverse schemes selectively, 

based on their utility in characterising distinct materials and their respective 

applications. To gain a comprehensive understanding and provide an 

accurate depiction of semiconductors, it is imperative to take into account 

their interatomic bonding arrangements, structural features, and the diverse 

defects that exist within the material. 

 

This chapter begins by examining the many types of interatomic 

bonding that exist in different solid materials. Subsequently, we proceed to 

give several definitions pertaining to the crystalline structure. Hence, while 

it is theoretically possible to employ either the interatomic bonding or 

structural symmetry notions for categorization purposes, these approaches 

are inadequate for fully describing the physical properties and behaviour of 

semiconductors.  
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In order to classify and provide a comprehensive description of the 

physical features of semiconductors, it is imperative to examine the 

electronic band structure, which will be discussed in the next sections. 

 

The primary classifications of solids, with respect to their structural 

organisation, encompass crystalline, polycrystalline, and amorphous states. 

It is important to acknowledge that a significant proportion of 

semiconductors employed in electronic applications are characterised by 

their crystalline nature .  

 

However, it is worth mentioning that several electronic devices 

have also incorporated polycrystalline and amorphous semiconductors, 

which have demonstrated diverse utility in various applications.  

 

Crystalline materials exhibit a periodic and consistently repeated 

three-dimensional arrangement of atoms. The explanation of crystals 

involves the definition of a lattice, which may be seen as a periodic 

arrangement of lattice points in three dimensions. In such an array, every 

point possesses identical surrounds.  

 

The complete solid can be replicated through the iterative 

translation of the primordial cell in three spatial dimensions. In order to 

achieve geometrical simplicity, it is also feasible to opt for a bigger atomic 

arrangement, known as a unit cell, as the fundamental constituent of the 

crystalline substance. The succeeding chapters provide a detailed account 

of semiconductors, emphasising their classification as solids through the 

principle of periodicity [39].  
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This characterization holds significant significance as it simplifies 

the analysis by focusing on a single unit cell, rather than an extensive 

assembly of approximately        atoms cm
-3

.  

  

Polycrystalline materials consist of many crystalline areas, 

commonly referred to as grains, which exhibit distinct orientations and are 

demarcated by grain boundaries. Amorphous semiconductors, in contrast to 

their crystalline counterparts, exhibit a lack of long-range order and possess 

only short-range order without any periodic arrangement. 

 

The explanation of the crystalline structure involves the definition 

of a lattice, which can be characterised as a periodic arrangement of points 

in three dimensions. These points, known as lattice points, exhibit similar 

surroundings. The crystal formations are created through the arrangement 

of individual atoms or groups of identical atoms on or in close proximity to 

these lattice points. In three-dimensional space, the number of distinct 

arrangements of lattice points with identical surroundings is limited to a 

total of 14 [39].  

 

In principle, it is possible to replicate all crystal formations through 

the iterative displacement of an atom or a cluster of atoms at any location 

inside one of the 14 point lattices known as Bravais space lattices. These 

lattices are associated with the seven crystal systems, each characterised by 

a distinct set of axes. Within the context of a Bravais lattice, the points that 

are in closest proximity to a given point are commonly denoted as its 

nearest neighbours. The quantity of nearest neighbours associated with a 

single point is formally known as the coordination number [40]. 
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The complete solid can be replicated through the iterative 

translation of the primordial cell in three spatial dimensions. In order to 

facilitate geometric considerations, it is possible to select a larger pattern, 

referred to as a unit cell, as the fundamental constituent of the crystalline 

substance.  

 

The unit cell is characterised by three lattice translation vectors, 

which are vectors that connect lattice points. The vectors that have a 

magnitude of one and are aligned with the axes, denoted as a, b, and c, are 

referred to as the primitive vectors. These vectors can be used as the edges 

of a unit cell. The unit cell undergoes translations by integral multiples of 

these vectors in order to create a lattice, allowing the lattice sites to be 

specified in terms of a translation vector R (Equation.1.1) [40]. 

 

                   (1.1) 

 

Where m1,m2,m3 are the integers.  

 

Figure 1.2 illustrates the unit cell that characterises the seven crystal 

systems and 14 Bravais lattices [40]. Additionally, Table 1.1 provides a 

comprehensive overview of the characteristics associated with both the 

crystal systems and Bravais lattices. The dimensions and configuration of 

the unit cell are determined by lattice parameters, also known as lattice 

constants, which encompass the lengths of the unit cell edges and the 

angles formed between the crystallographic axes. 
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The handling of crystal structures encompasses a significant 

consideration of symmetry features, namely the application of operations to 

fixed lattice points. The utilisation of various concepts, such as point 

symmetry, including reflection in a plane (commonly known as mirror 

symmetry), inversion symmetry, rotation axes, and rotation-inversion axes, 

proves to be valuable in comprehending and articulating the characteristics 

of crystalline materials. This is due to the fact that individual atoms or 

groups of atoms within the lattice possess distinct symmetry properties 

[41].  

 

Table 1.1 Description of the seven crystal systems and 14 Bravais lattice [41]. 

 

 

 

 

 

 

 

 

Figure 1.2 Cyrstallographic axes and lattice parameters [40] 
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The symmetry procedures under consideration encompass a 

transformation of coordinates. The mirror symmetry with respect to the yz-

plane can be mathematically represented by the transformation equations y' 

= y, z' = z, and x' = -x [42,43]. 

 

In crystallography, the existence of a mirror plane in a crystal 

structure is conventionally indicated by the sign "I". The concept of 

inversion symmetry is mathematically expressed through the coordinate 

transformation x'=-x, y'=-y, z'=-z, and is commonly indicated by the 

symbol I.   

 

The concept of rotational symmetry pertains to the occurrence of an 

identical structure when a specified angle of rotation is applied around a 

particular axis. On the other hand, a rotation-inversion symmetry axis 

denotes a rotation that is accompanied by a simultaneous inversion.  

 

The assemblage of symmetry operations is commonly referred to as 

a point group. The space group of a crystal is defined by the combination of 

point group operations and translation symmetry, represented by a 

translation vector R [44].  

 

The most basic form of a three-dimensional unit cell is the simple 

cubic unit cell, wherein an atom is located at each vertex of the cube. Two 

unit cells that exhibit a close relationship to the simple cubic cell are the 

body-centered cubic (BCC) unit cell and the face-centered cubic (FCC) unit 

cell.  
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The BCC crystal structure incorporates an atom positioned at the 

central point of the cube, while the FCC unit cell accommodates an atom 

on each face of the cube, in addition to the atoms located at each corner 

[45,46]. 

 

Certain semiconductors have the ability to undergo crystallisation in 

various configurations, which is contingent upon temperature or pressure 

conditions. This phenomenon gives rise to polymorphism and the 

coexistence of distinct polytypes. This thesis primarily focuses on the study 

of ZnO and TiO2, with an emphasis on exploring their crystalline structures 

and key features.  

 

Zinc oxide (ZnO) exhibits multiple crystalline structures, commonly 

referred to as polymorphs. There exist three recognised polymorphs of zinc 

oxide (ZnO): (i) wurtzite with a P63/mc space group, (ii) zinc blende with 

an F43m space group, and (iii) rocksalt with a Fm/3m space group. (Figure 

1.3).   

 

The crystal lattice of these formations exhibits varying 

configurations of zinc (Zn) cations and oxygen (O) anions, leading to 

discernible characteristics and behaviours [47,48]. 
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Figure 1.3 Three-dimensional representation of  three different polymorphs of ZnO. The small 

yellow spheres represent the zinc atoms, the larger gray ones represent the oxygen atoms, and the 

gray tetrahedral shapes illustrate the orientation in space of the ZnO4 tetrahedron. 

 

Under ambient conditions, the Wurtzite structure exhibits higher 

thermodynamic stability. The ZnO compound has a wurtzite crystal 

structure, wherein each sublattice of the unit cell contains a total of four 

atoms. The zinc (Zn) atom in group 2 is coordinated by four oxygen (O) 

atoms in group 6, or vice versa.  

 

In the case of Zinc Blende, it exhibits a cubic close-packed (face-

centered) arrangement of oxygen (O) atoms, with the Zn (II) ions 

occupying tetrahedral spaces in the lattice. These tetrahedral sites are only 

half occupied, resulting in a unit cell containing 8 Zn atoms and 16 

surrounding elements [49,50]. 
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In the realm of TiO2, rutile, anatase and brookite are usually 

accepted as three of the primary polymorphs, although brookite can also be 

observed.  (Figure 1.4). Rutile is considered the thermodynamically stable 

phase, but both anatase and brookite are classified as metastable phases. 

The synthesis of brookite is very challenging, thereby limiting its frequency 

of study. Both rutile and anatase possess unique crystal structures that play 

a significant role in determining their individual properties and behaviours 

[51,52]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4  Three-dimensional representation of the three different polymorphs of 

the TiO2. The small red spheres represent the titanium atoms, the larger gray ones 

represent the oxygen atoms, and the red octhaedral shapes illustrate the orientation in 

space of the TiO6 octhaedron. 
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The Rutile exhibits a tetragonal crystal structure (P42/mnm) , 

characterised by a unit cell in the shape of a rectangular prism. This unit 

cell possesses three axis lengths that are not equal and accommodates two 

formula units of TiO2. Within this particular arrangement, the titanium (Ti) 

cations demonstrate octahedral coordination, wherein they are surrounded 

by six oxygen (O) anions [53,54].  

 

Conversely, each oxygen anion is encompassed by three titanium 

cations. The tetragonal crystal class imparts distinctive structural and 

physical features to rutile, setting it apart from anatase, and making it a 

unique crystalline form of TiO2. 

 

The Anatase structure possesses unique attributes, as it undergoes 

crystallisation in the tetragonal (I41/amd) crystal system. The unit cell of 

Anatase is a rectangular prism that accommodates four formula units of 

TiO2 [55,56]. Regarding coordination, it can be observed that each Ti 

cation present in anatase exhibits octahedral coordination with six adjacent 

O anions. This particular characteristic is also observed in rutile. 

Nevertheless, there is a disparity in the atomic arrangement within the unit 

cell of the two structures [57,58].  

 

Anatase exhibits reduced symmetry in comparison to rutile and is 

classified within the tetragonal or orthorhombic crystal systems, hence 

contributing to its distinctive structural and physical characteristics. 

Table.1.2 shown below presents a concise summary of the crystallographic 

properties exhibited by several polymorphs of TiO2. 
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Table 1.2 Crystallographic properties of anatase and rutile 

Property Anatase Rutile Reference 

Crystal structure  Tetragonal  Tetragonal [59] 

Atoms per unit cell (Z)  4  2 [59] 

Space group I41/amd P42/mnm [60] 

Lattice parameters (nm) 
a = 0.3785 

c = 0.9514 

a = 0.4594 

c = 0.2958 
[61] 

Unit cell volume (nm
3
 ) 0.1363 0.0624 [62] 

Density (kg m
-3

 ) 3894 4250 [63] 

 

Defects, in a broad sense, encompass various forms of deviations 

from ideal crystal formations. Semiconductors, along with other solid-state 

materials, might potentially possess a range of faults that are incorporated 

into the material through processes like as growth and processing. At this 

point, it is advantageous to present overarching classification systems for 

problems. 

 

There exists a distinction between two types of flaws: (i) structural 

defects and (ii) transitory defects. In the first scenario, the arrangement of 

atoms in actual crystals undergoes a permanent alteration, while temporary 

defects refer to elementary excitations such phonons, which are quanta of 

energy associated with lattice vibrations [64,65]. 
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The categorization of structural defects encompasses various types, 

including point defects, one-dimensional or line defects, two-dimensional 

or planar defects, and three-dimensional or volume defects. Point defects 

involve substitutional and interstitial impurity atoms, vacancies, and other 

similar imperfections.  

 

Line defects refer to one-dimensional defects like dislocations, 

while planar defects encompass two-dimensional imperfections such as 

surfaces, grain boundaries, and stacking faults. It is imperative to 

underscore that imperfections in actual materials have the potential to 

interact and give rise to a multitude of potential combinations [66].  

 

It is noteworthy to acknowledge that flaws can also function as 

attracting centres for free electrons or holes. In the realm of defects, it is 

worth noting that only point defects possess the necessary low formation 

energies to be generated in thermal equilibrium. Furthermore, the quantity 

of point defects escalates in tandem with thermal activation.  

 

Therefore, within a specific temperature range, crystal structures 

exhibit the existence of point defects, namely vacancies and interstitials. 

Additional imperfections associated with increased dimensionality, such as 

dislocations, manifest themselves during the growth and/or processing 

stages of semiconductor materials [67,68].  

 

These faults have the potential to result in device failure, making 

them a significant problem in terms of reliability.  
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In certain instances, it is possible for a fault to not impede the initial 

functioning of a device, but rather manifest throughout extended periods of 

operation, ultimately resulting in device failure.It is imperative to reiterate 

the importance of reducing fault densities to sufficiently low levels that do 

not have an impact on semiconductor characteristics or device 

performance. 

 

The figure 1.5 illustrates simple native (or intrinsic) point defects, 

which encompass a vacancy [69], representing a vacant site within the 

lattice, and an interstitial, which refers to an atom placed into a space 

located between the crystal structure sites [70]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5  Native and foreign point defects in materials.To maintain simplicity, the 

distortion of the lattice surrounding these faults has been omitted from the depiction. 
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 It is important to acknowledge that, despite its absence in Figure 

1.5, the crystal experiences localised zones of distortion as a result of these 

imperfections. This occurs because the surrounding atoms in the lattice 

must adjust to accommodate these defects. 

 

A Schottky defect refers to a vacant site within the lattice structure. 

In this scenario, the atom that should occupy the site has either relocated 

from the interior to the surface of the crystal or become imprisoned at an 

extended defect, such as a dislocation [71]. A Frenkel defect is the term 

used to describe a vacancy that is coupled with an interstitial atom, forming 

a vacancy-interstitial pair.  

 

It is important to acknowledge that the quantity of these flaws not 

only increases in bigger quantities with rising temperature in thermal 

equilibrium but can also be elevated by nonequilibrium mechanisms such 

as displacement of atoms caused by high-energy electron or nuclear particle 

bombardment [72,73].  

 

Clusters of point defects, such as a pair of vacancies or precipitates 

consisting of impurity atoms, can also occur in some instances. The 

phenomenon of vacancies in solids can provide insight into the process of 

atom diffusion inside the material, as atoms can travel towards vacancies, 

leading to the migration of vacancies in the opposite direction. Atomic 

diffusion can also take place when atoms or ions undergo a transition in 

their interstitial locations [74]. 
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The expression for the equilibrium density of vacancies in a crystal 

(Equation.1.2), which consists of N atoms per unit volume at a temperature 

T, is denoted as Nv.  

     
   
                  (1.2) 

 

The value of Nv is determined by the energy of production of a 

vacancy, Ev, which is normally around 1 electron volt (eV). It is important 

to acknowledge that inside compound crystals (AB), the occurrence of an 

antisite defect is possible when an atom A occupies an atom B site, or vice 

versa [74]. 

 

Dislocations are flaws of considerable significance, as they exert a 

substantial and frequently detrimental influence on the electrical and 

optical characteristics of semiconductors [75].  

 

Furthermore, dislocations exhibit significant interactions with other 

defects, hence resulting in the creation of these defects. There are two 

primary forms of dislocation in materials: an edge dislocation and a screw 

dislocation (see to Figure 1.6). An edge dislocation is characterised by the 

presence of an additional plane inserted along the edge of a crystal, while a 

screw dislocation induces a helical distortion within the crystal.  

 

The influence of dislocations, including their type and distribution, 

on numerous properties of crystalline semiconductors is well-documented. 

These aspects encompass crystal development, mechanical strength, and 

electrical characteristics [76,77].  
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Dislocations can arise by the aggregation of point defects at an 

atomic plane, or they can be generated when stress induces the slipping of 

atomic planes past each other at elevated temperatures during growth or 

processing. Dislocations are not observed in thermodynamic equilibrium 

due to their significant energy levels, leading to the production of massive 

dislocation-free crystals such as silicon (Si) [78]. 

 

 

Surface defects encompass two types: (i) free surfaces, which are 

universally present in all materials, and (ii) unintentionally produced 

interfaces, in contrast to deliberately formed interfaces like p-n junctions 

and contacts [79,80].  

 

The grain boundary is commonly regarded as a two-dimensional 

imperfection; however, it should be noted that this defect possesses a 

distinct thickness in actuality. Typically, grain borders exhibit a significant 

concentration of interface states which possess the ability to capture free 

carriers, induce carrier scattering, and serve as sites for impurity 

segregation. 

Figure 1.6 Ilustration of an edge dislocation (a) and a screw dislocation (b). 
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A volume defect refers to any deviation in volume inside a 

semiconductor that exhibits variations in composition, structure, and/or 

orientation compared to the surrounding crystal. Volume defects are 

generated through the aggregation of vacancy clusters, which can undergo 

growth and subsequent collapse, resulting in the formation of dislocation 

loops [81].  

 

 

Certain impurities have the potential to undergo precipitation, 

resulting in the formation of a distinct phase. Additionally, impurity atoms 

and vacancies have the propensity to combine and create enormous three-

dimensional structures.  

 

The existence of imperfections in semiconductors can result in two 

significant consequences. Firstly, it can introduce energy levels within the 

energy gap, hence influencing the electrical characteristics of the material. 

Secondly, it can lead to a decrease in carrier mobility due to an elevated 

amount of scattering caused by these defects [82,83].  

 

The transport capabilities of semiconductors are contingent upon 

the existence of diverse imperfections that function as scatterers of carriers. 

The effects observed in this context exhibit variations based on 

temperature, resulting in a non-linear relationship between electrical 

conductivity and temperature. This can be attributed to the distinct 

temperature dependencies of defect concentration and electrical activity 

[84]. 
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As previously stated, not all departures from a perfect crystal 

structure have negative consequences. Certain faults are intentionally 

generated in order to create materials and gadgets that possess specific 

desirable qualities. The subsequent chapters will go into the examination of 

n- and p-type doped areas as well as epitaxial multilayers found in diverse 

devices. To restate, the presence of impurity atoms within crystals is 

classified as point defects when they hinder the effective use of the material 

or device [85,86].  

 

However, if these impurity atoms are intentionally introduced into 

the material to regulate conductivity or optical properties, they are referred 

to as donors, acceptors, and recombination centres. Furthermore, it is 

crucial to highlight that even minute quantities of impurity atoms can have 

a profound impact on the electrical characteristics of a semiconductor.  

 

Hence, in the realm of semiconductors, it is of utmost importance to 

effectively regulate the presence of inadvertent dopant atoms, ensuring that 

their concentration remains below thresholds that could adversely impact 

the operation of electronic devices.  

 

Currently, the level of compositional purity of silicon (Si) is such 

that the concentration of undesirable impurities is below one part per 

billion (ppb), meaning that there is less than one impurity atom for every 

billion silicon atoms [87].  

 

It is important to acknowledge that the deliberate addition of dopant 

atoms to a semiconductor material is necessary for the purpose of 

regulating its electrical properties.  
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This process typically involves introducing dopant atoms within a 

range that spans from one dopant atom per 100 million semiconductor 

atoms to one dopant atom per thousand semiconductor atoms [88]. 

 

1.2.2.  Band Theory of Solids for Semiconductor Oxides 

 

The differentiation between metals, semiconductors, and insulators 

can be elucidated by examining the electronic band structure of solids, as 

depicted in Figure 1.7. Firstly, it is important to highlight that energy bands 

devoid of electrons, commonly referred to as empty energy bands, do not 

make any contribution to the electrical conductivity of a material. 

Conversely, completely filled bands that contain electrons also do not 

contribute to electrical conductivity [89,90].  

 

This is because the carriers within these bands are unable to acquire 

additional energy, even when an electric field is applied, as all the energy 

levels within the bands are already occupied.When comparing, it can be 

observed that the partially filled bands encompass both electrons and 

vacant energy levels that exist at elevated energy states. The latter 

phenomenon enables carriers to acquire energy when subjected to an 

externally applied electric field.  

 

Consequently, carriers inside a partially occupied band can make a 

significant contribution to the overall electrical conductivity of the material. 

In the context of metallic materials, the electronic band structure gives rise 

to a situation where the highest energy band is not completely filled [91]. 
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Figure 1.7 Schematic illustration depicting the typical band diagrams for three distinct materials: (a) 

a metal, (b) an intrinsic semiconductor at absolute zero temperature (T=0 K), and (c) an insulator. 

The Fermi level is symbolised by dashed lines. The sections that appear purple in the visual 

representation indicate the presence of filled bands, whereas the orange  portions correlate to the 

absence of bands. 

 

The distinguishing characteristic between a semiconductor and an 

insulator is in the magnitude of the energy gap that separates the highest 

filled band, also known as the valence band, and the lowest empty band, 

referred to as the conduction band. 

 

 In the context of an intrinsic semiconductor, the valence band, 

which is the highest occupied band, is distinctly separated from the 

conduction band, which is the lowest unoccupied band, by a relatively 

narrow energy gap that is disallowed for electron transitions. At a 

temperature of absolute zero (T = 0 K), the conduction band is devoid of 

any electrons. 
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In the context of semiconductors, it is observed that the energy gap 

(Eg) is quite small. As a result, at normal room temperature, the electrons 

located at the uppermost energy level of the valence band are stimulated by 

thermal energy and transition to the conduction band [91].  

 

This transition enables these electrons to participate in the 

transportation of charge carriers inside the material. In the context of 

insulators, it is observed that the energy gap is significantly larger in 

comparison to semiconductors. Consequently, at normal room temperature, 

the likelihood of thermal excitation causing an electron to transition from 

the valence band to the conduction band is considerably diminished.  

 

Figure 1.7 illustrates the concept of the Fermi energy, also known 

as the Fermi level (Ef), which serves as the baseline energy for determining 

the likelihood of electron states being occupied. Therefore, in the case of 

metals, the Fermi energy (Ef) is situated within a partially occupied 

permitted band, as illustrated in Figure 1.7. Conversely, in semiconductors 

and insulators, it is positioned within the prohibited band. 

 

At this moment, it is imperative to establish an extra parameter that 

proves to be valuable in the characterization of semiconductors (refer to 

Figure 1.8). The electron affinity, denoted as eχ, is a measure of the energy 

difference between the vacuum level, which represents the energy of a free 

electron, and the lowest energy level in the conduction band [92].  
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Another crucial component to consider is the work function (often 

represented as Φ), which represents the energy disparity between the 

vacuum level and the Fermi level. It is important to acknowledge that the 

electron affinity (eχ,) remains constant for a specific semiconductor, 

whereas the work function (Φ) is contingent upon the doping level, hence 

influencing the position of the Fermi level [92]. 

 

 

Figure 1.7 A schematic representation of a standard band diagram, which serves to elucidate key 

concepts relevant to the characterization of a semiconductor. Specifically, this diagram encompasses 

the electron affinity (eχ), denoting the disparity in energy levels between the vacuum level and the 

lowermost point of the conduction band. 
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1.2.3. Optical aborption in Semiconductor Oxides  

 

In the context of electronic transitions (refer to Figure 1.9), the 

principles of energy and momentum conservation  are crucial, where k 

is the value of the wave vector. A direct-gap semiconductor is characterised 

by the occurrence of direct (or vertical) transitions when the minimum of 

the conduction band and the maximum of the valence band coincide at a 

specific value of the wave vector k [92].  

 

 

 

 

In the context of optical emission, the predominant transitions in 

semiconductors occur between the states with the highest probability of 

being occupied at the minimum of the conduction band and the ones with 

the highest probability of being unoccupied at the maximum of the valence 

band [93]. 

 

 In the case where the band extrema do not manifest at identical 

wave vector k, the resulting transitions are classified as indirect, hence 

characterising the material as an indirect-gap semiconductor. In order to 

uphold momentum conservation in semiconductors, the involvement of an 

additional particle, specifically a phonon, is necessary.  

 

Figure 1.9 Schematic illustration of the optical absorption and emission processes, 

with the arrows denoting the electronic transitions [92]. 
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However, it is important to note that the likelihood of this process 

occurring is significantly smaller when compared to direct 

transitions.Broadly speaking, there are multiple optical absorption 

mechanisms, each of which adds to the overall absorption coefficient (α). 

The mechanisms encompassed in this study consist of (i) the fundamental 

absorption process, (ii) exciton absorption, (iii) absorption resulting from 

dopants and defects, (iv) absorption arising from intraband transitions, and 

(v) free carrier absorption [92,93]. 

 

 The absorption mechanism observed at photon energies exceeding 

the energy gap is attributed to the movement of electrons from occupied 

valence band states to unoccupied conduction band states. At energy levels 

that are somewhat lower than the energy gap, the absorption process can be 

attributed to the presence of excitons and the transitions occurring between 

impurity states and band states. 

 

 These transitions involve movements from acceptor states to the 

conduction band and from the valence band to donor states. The absorption 

continuum at lower energies arises from free carrier absorption caused by 

transitions occurring inside the energy bands. The subsequent sections 

provide a detailed explanation of these absorption methods [94,95]. 

 

During the process of fundamental absorption, an incident photon 

induces the excitation of an electron from the valence band to the 

conduction band. The conservation of both energy and momentum is a 

fundamental need in this particular process.  
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Given that the momentum of a photon is significantly smaller than 

the momentum of a crystal, it can be inferred that the absorption process 

mostly preserves the momentum of the electron.  

 

As previously mentioned, in cases when the minimum of the 

conduction band and the maximum of the valence band coincide at a 

specific wave vector k, the resulting transitions are classified as direct, 

leading to the designation of the material as a direct-gap semiconductor.  

 

In the event that the band extrema do not manifest at identical wave 

vector k, the resulting transitions are classified as indirect, hence 

categorising the material as an indirect-gap semiconductor. 

 

In order to uphold momentum conservation in semiconductors, an 

additional particle, specifically a phonon, must be involved. However, the 

likelihood of this process occurring is significantly smaller when compared 

to direct transitions. 

 

 Hence, it can be observed that the fundamental absorption in 

indirect-gap semiconductors has substantially diminished strength in 

comparison to direct-gap materials. 

 

The phenomenon of optical absorption can be characterised by the 

absorption coefficient (α), which can be determined by the analysis of 

transmission data. 
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 Given an incident light intensity denoted as I0, the transmitted light 

intensity as I, and the reflectivity as R, the transmission, denoted as   
 

  
, 

can be expressed as Equation.1.3-1.5, assuming interference is neglected 

[92]. 

  
               

          
               (1.3) 

 

where d is the thickness of the material. For large αd this expression 

can be reduced to 

 

                                  (1.4) 

 

and, in the absence of reflection, it can be further reduced to 

 

                              (1.5) 

 

The absorption coefficient (α) (Equation 1.6) can be expressed as 

 

       ∑                       (1.6) 

 

where      is the transition probability,    and    are the densities of 

the electrons in the initial state and of empty energy levels in the final state, 

respectively, and the sum is over all initial and final states.  
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Thus, for direct transitions between parabolic valence and 

conduction bands, the absorption coefficient is 

               
 

     (1.7) 

 

where A is a constant   the energy gap,    and    are in eV, and   

is in cm
-1

. 

 

It is important to acknowledge that in numerous semiconductors, 

including both crystalline and amorphous forms, the absorption coefficient 

within the absorption edge region has been observed empirically to obey 

Urbach’s rule (Equation 1.8): 

 

                           (1.8) 

 

where the coefficient g is a temperature-dependent parameter for 

ionic crystals, whereas for covalent semiconductors g depends on the 

concentrations and the electrical charges of impurities. 

 

In materials with an indirect band gap, the valence band's highest 

energy and the conduction band's minimum energy do not coincide at the 

same wave vector k. In instances of conservation of energy and 

momentum, transitions occur with the involvement of three particles, 

namely photons, electrons, and phonons. In contrast to photons, phonons 

possess relatively high momentum despite their modest energy. 
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Therefore, in the context of indirect transitions, the principle of 

momentum conservation is upheld through the process of either absorbing 

or emitting a phonon possessing a distinct energy value denoted as Ep.  

 

The absorption coefficient pertaining to a transition that involves 

phonon absorption can be expressed as (Equation 1.9):    

 

       
            

   (
  

   
)  

   (1.9) 

 

And the absorption coefficient for a transition involving phonon 

emission is given by Equation 1.10. 

 

       
            

     ( 
  

   
)

              (1.10) 

 

It is important to observe that the denominator term in these 

equations exhibits a correlation with the quantity of phonons, as dictated by 

the principles of Bose-Einstein statistics (Equation 1.11). 

 

          [   (
  

   
)   ]

  
             (1.11) 

 

Both phonon absorption and emission processes can occur when the 

energy of the incident photon (hv) is greater than the sum of the energy 

bandgap     and the phonon energy (  ). Consequently, the absorption 

coefficient can be expressed as such (Equation 1.12): 

 
                                (1.12) 
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The absorption mechanism in indirect-gap materials necessitates the 

participation of an additional particle, specifically a phonon, in contrast to 

direct-gap materials. Therefore, the likelihood of light absorption, and 

consequently the absorption coefficient, is significantly reduced in this 

scenario compared to direct-gap materials.  

 

This suggests that light must traverse a significant distance within 

the material prior to undergoing absorption. In the vicinity of the absorption 

edge, the absorption coefficient ( ) exhibits a range of values for direct 

transitions, whereas for indirect transitions, it can span from 10 to 10
3
 [96]. 

 

1.2.4. Recombination Process 

 

Within the realm of semiconductors, the occurrence of different 

types of excitations, such as photon or electron irradiation, has the potential 

to result in the production of charge carriers that surpass the densities 

observed under thermal equilibrium conditions. 

 

 The equilibrium is restored through the recombination of electron-

hole pairs. Recombination centres that possess energy levels inside the 

bandgap of a semiconductor can be classified into two categories: radiative 

and nonradiative. The distinction between these categories is based on 

whether the recombination process leads to the emission of a photon 

(radiative) or not (nonradiative) [92]. 

 

The utilisation of semiconductors in the context of luminescence is 

a significant area of application, wherein the recombination processes 

assume a pivotal role.  
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When a semiconductor is subjected to a specific type of energy 

input, it has the potential to release photons that surpass the amount of 

thermal radiation [97]. 

 

 The luminescence process can be classified into three categories 

based on the source of excitation of the luminescent material: 

photoluminescence (excitation by photons), electroluminescence 

(excitation through the application of an electric field), and 

cathodoluminescence (excitation by cathode rays or energetic electrons).  

 

The phenomenon of luminescence in semiconductors is commonly 

explained by the process of radiative recombination between electron-hole 

pairs. This recombination can occur between states in either the conduction 

or valence bands, as well as states inside the energy gap caused by the 

presence of donors and acceptors. 

 

 In the context of semiconductors, the occurrence of photon 

emission takes place within the visible region of the electromagnetic 

spectrum when the energy gap possesses suitable values (0.4 and 0.7 μm, 

corresponding to about 3.1 and 1.8 eV) [98,99]. 

 

Semiconductors possess highly desirable qualities that render them 

highly appealing for a wide range of optoelectronic applications. 

Additionally, the utilisation of luminescence measuring techniques proves 

to be an effective and influential tool for the comprehensive analysis and 

evaluation of the electrical properties exhibited by semiconductors. 

 

 



 

36  

 

The phenomenon of luminescence in semiconductors arises from 

the occurrence of electronic transitions between quantum mechanical 

states, often characterised by energy differences ranging from slightly 

below 1 electron-volt (eV) to several electron-volts (eV).  

 

The luminescence spectra can be categorised into two main types: 

intrinsic, also known as fundamental or edge emission, and extrinsic, often 

referred to as characteristic or activated emission [100]. 

 

The phenomenon of intrinsic luminescence arises from the 

recombination of electrons and holes across the energy gap, signifying its 

inherent nature within the material. At ambient temperatures, intrinsic 

luminescence appears as a band of energies with its intensity peak at a 

photon energy (      ). Hence, the measurement of any alteration in the 

energy gap, such as those caused by variations in temperature or high levels 

of doping, enables monitoring    . 

 

As previously mentioned, in direct-gap semiconductors such as 

GaAs and CdS, the predominant transitions occur directly across the 

minimum energy gap.  

 

These transitions involve the most probable movement of electrons 

from the most filled states located at the minimum of the conduction band 

to the states that are most likely to be unoccupied at the maximum of the 

valence band.  
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The occurrence of radiative recombination between electrons and 

holes is highly probable in the aforementioned transitions. In the case of 

indirect-gap semiconductors, such as silicon (Si) and gallium phosphide 

(GaP), the recombination of electron-hole pairs necessitates the 

involvement of an additional particle known as a phonon [100]. 

 

Consequently, the likelihood of this recombination process 

occurring is considerably diminished as compared to direct transitions. 

Hence, the primary emission in indirect-gap semiconductors is relatively 

feeble, particularly when juxtaposed with emissions caused by impurities or 

defects. The emission spectra observed in both direct-gap and indirect-gap 

semiconductors are considered extrinsic in nature due to their dependence 

on the presence of different impurities. 

 

1.3. Synthesis methods of oxide 

semiconductors 

 

1.3.1. Sol–gel Method 

 

The sol-gel process can be broadly defined as the chemical 

transformation of a precursor solution into an inorganic solid. Typically, 

the inorganic precursor employed in this context is either an inorganic 

metal salt or a metal organic species, such as a metal alkoxide or 

acetylacetonate.  
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Metal alkoxides are commonly employed as precursors in aquatic 

environments, and their conversion into the oxidic network is achieved 

through hydrolysis and condensation processes [101–103].  

 

In the context of aqueous sol-gel processes, the oxygen required for 

the synthesis of the oxidic chemical is sourced from the water molecules. In 

the case of non-aqueous sol-gel systems, the absence of water hinders the 

availability of oxygen necessary for the synthesis of metal oxide. 

According to reports, the formation of metal oxide nanoparticles follows a 

similar non-hydrolytic preparation method as that used for bulk metal oxide 

formation [103–105].  

 

In this process, the oxygen required for nanoparticle formation is 

supplied by the solvent, which can be ethers, alcohols, ketones, or 

aldehydes, or by the organic component of the precursor, such as alkoxides 

or acetylacetonates. For instance, previous studies have employed titanium 

isopropoxide and titanium chloride as precursor materials in order to 

synthesise anatase nanocrystals. 

 

 The process of ether elimination had significant importance in the 

formation of the M–O–M bond. The reaction proceeds by a mechanism 

involving the condensation of two metal alkoxides via an elimination 

process [106–108]. 

 

The Ester elimination process is a chemical reaction that occurs 

between metal carboxylates and metal alkoxides. This reaction has been 

shown to produce zinc oxide, titania, and indium oxide.  
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The reaction between metal oleates and amines bears resemblance 

to ester eliminations, namely in the context of the controlled synthesis of 

titania nanorods [109]. 

 

Nevertheless, the use of ketones as solvents typically leads to the 

liberation of oxygen by aldol condensation. This process involves the 

reaction between two carbonyl compounds, resulting in the elimination of 

water. The water molecules released during this reaction serve as the agent 

responsible for supplying oxygen during the creation of metal oxide. The 

synthesis of ZnO and TiO2 has been reported utilising acetone as a solvent 

[110,111]. 

 

1.4. Synthesis methods of thin 

films 

 

A thin film is a layer of material that has a thickness on the order of 

nanometers (nm) to micrometers (μm). Thin films find extensive utilisation 

in diverse industries such as electronics, optics, coatings, and other related 

sectors [112].  

 

Thin film deposition techniques comprise a diverse range of 

methodologies employed for the purpose of fabricating thin layers of 

material onto substrates.  
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The utilisation of these approaches has significant importance 

across diverse industries such as electronics, optics, and materials research, 

wherein the precise management of film thickness and characteristics is of 

utmost significance [113].  

 

Some of the best known techniques for final layer deposition are 

shown in figure 1.10. Physical Vapor Deposition (PVD), in which we can 

find the following variables: Sputtering, Thermal Evaporation, Electron 

Beam Evaporation and Pulsed Laser Deposition (PLD) [114].  

 

Within the deposition techniques we can also find Chemical Vapor 

Deposition (CVD), also with its different variants such as: Sputtering, 

Thermal Evaporation, Electron Beam Evaporation and Pulsed Laser 

Deposition (PLD): Low-Pressure Chemical Vapor Deposition (LPCVD), 

Metal-Organic Chemical Vapor Deposition (MOCVD), Atomic Layer 

Deposition (ALD).  

 

Other variants of these techniques are Chemical Solution 

Deposition (CSD), Sol-Gel Process, Spray Deposition or Pulsed Laser 

Ablation (PLA). 
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Figure 1.10 Scheme of the most prevalent thin film deposition techniques 

 

Each of these deposition processes presents distinct advantages and 

is selected depending on the specific demands of the thin film and its 

intended application.  

 

The selection of the most suitable approach is determined by 

researchers and engineers, who take into consideration several criteria like 

the composition of the material, the thickness of the film, its uniformity, 

and the compatibility with the substrate. 

 

In this section, the methods of thin film synthesis will be explained 

in general terms, with emphasis on the spray pyrolysis method, which has 

been the most widely used during this thesis. 
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1.4.1. Spray pyrolysis 

 

Various techniques are used for the deposition of thin films, each 

with its own advantages and disadvantages. However, spray pyrolysis is 

gaining popularity due to its simplicity and versatility. 

 

Spray pyrolysis techniques involve the acceleration of a liquid or 

liquid/solid phase precursor solution from a specially designed atomizing 

nozzle (atomizer) in order to transport a droplet of reagents to a surface or 

interface. The classification of atomizers is dependent on a number of 

parameters. 

 

We based the respective methodologies on four classes of atomizers 

powered by distinct energy sources: liquid-and-gas energy, mechanical 

energy, vibrational energy, and electrical energy [115].  

 

This technique involves the atomization of a precursor solution or 

suspension, which is then sprayed onto a heated substrate to form a thin 

film as shown in Figure. 1.11.  
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Spray pyrolysis entails a variety of simultaneous or sequential 

processes. Aerosol generation and transport, solvent evaporation, droplet 

impact with successive spreading, and precursor decomposition are the 

most essential of these processes. Except for the production of aerosols, the 

deposition temperature is implicated in all processes listed.  

 

Consequently, the substrate's surface temperature is the most 

influential factor in determining the morphology and properties of the film. 

By increasing the temperature, the microstructure of the film can transform 

from fractured to porous. In numerous investigations, the deposition 

temperature was cited as the most crucial spray pyrolysis variable 

[116,117].  

 

Spray pyrolysis offers several advantages over other methods, such 

as its compatibility with large-area deposition and the ability to control the 

properties of the thin film by adjusting the precursor concentration and 

deposition temperature [117,118]. 

Figure 1.11 Diagrammatic illustration of the spray pyrolysis set up 
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In numerous investigations, the deposition temperature was cited as 

the most crucial spray pyrolysis variable. Additionally, it is relatively 

inexpensive and easily scalable for industrial production. Spray pyrolysis 

has been used to deposit a wide range of materials, including metal oxides 

for electronic and optical applications, as well as thin films for energy 

conversion and storage applications [119] . 

 

 Therefore, this technique is a promising tool for researchers and 

engineers in various fields for the generation of thin films with tailored 

properties. To acquire a thin film with the desired properties using spray 

pyrolysis and deposition, it is necessary to consider a number of crucial 

parameters.  

 

These parameters are affected by the used material and the desired 

thin film properties. The concentration of the precursor solution or 

suspension is a crucial parameter since it influences the quality and 

thickness of the thin film [120].  

 

In addition, the type and parameters of the discharge nozzle, such as 

the particle size and shape, affect the uniformity and morphology of the 

thin film.  

 

Additionally, the gas flow rate plays an important role in the 

transport of precursor particles to the substrate and can affect the 

uniformity and thickness of the thin film. 
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In addition to affecting the thickness of the thin film, the deposition 

time can influence its morphology and crystal structure.  

 

Lastly, post-deposition annealing can improve the crystallinity and 

electrical properties of the thin film. Optimising these parameters is 

necessary to achieve the desired properties of the thin film and to guarantee 

the reproducibility of the results [121].  

 

1.4.2. Physical Vapor Deposition (PVD) 

 

The process of Physical Vapor Deposition (PVD), also known as 

thin film deposition, involves the deposition of material in the form of 

atoms or molecules by vaporizing it from a solid or liquid source.  

 

This vapor is transported through a vacuum or low pressure gaseous 

or plasma environment to the substrate where it is deposited. PVD is 

performed using two primary techniques, namely sputtering and 

evaporation.  

 

Sputtering can be accomplished through various methods such as 

Direct Current (DC), Radio Frequency (RF), and Ion Beam sputtering 

[122,123].  
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On the other hand, the evaporation process involves resistive 

heating, flash evaporation, and e-beam evaporation among other techniques 

PVD is typically used to create films with thicknesses ranging from a few 

nanometers to thousands of nanometers, as well as multilayer coatings, 

graded composition deposits, and freestanding structures [124].  

 

The size and shape of the substrate can vary greatly, from small 

watchbands to large architectural glass panels. The typical deposition rate 

for PVD processes is between 10-100 Å (1-10 nanometers) per second. 

PVD can be used to deposit films of elements, alloys, and compounds 

using reactive deposition processes. 

 

Reactive deposition processes involve the formation of compounds 

through the reaction of the depositing material with the ambient gas 

environment or with a co-depositing material [125,126]. 

 

Quasi-reactive deposition involves the deposition of compound 

materials from a compound source where the loss of volatile or less 

reactive species is compensated for by having a partial pressure of reactive 

gas in the deposition environment, such as the quasi-reactive sputter 

deposition of ITO (indium-tin-oxide) using a partial pressure of oxygen in 

the plasma [127]. 
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1.4.3. Chemical Vapor Deposition (CVD) 

 

Chemical vapor deposition (CVD) and physical vapor deposition 

(PVD) differ primarily in their use of chemical precursors or reactions 

during the deposition process. Chemical deposition can be divided into 

subcategories depending on the deposition medium [128,129].  

 

CVD or atomic layer deposition (ALD) are used for deposition 

primarily through vapor-phase processes. Organometallic compounds are 

commonly used as precursors due to their volatility. The key difference 

between CVD and ALD is that the latter relies on self-limiting surface 

chemical reactions. 

 

CVD is commonly used for synthesizing thin film semiconductors, 

including metal oxides. The latest advancement in chemical vapor 

deposition involves combining this technique with other types of 

treatments, such as plasma treatments, or more cost-effective production 

methods like mist CVD [130,131].  

 

Mist CVD entails atomizing a precursor solution into a mist using 

ultrasonic vibrations, which is then supplied to the substrate using a carrier 

gas. The precursor mist is thermally decomposed, leading to the formation 

of a film on the substrate [132]. The absence of a vacuum system in this 

process enables the production of films that are both highly productive and 

low-cost . The example chosen in this case is ZnO nanotubes deposited on 

glass using the CVD technique [133]. 
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1.4.4. Atomic Layer Deposition (ALD) 

 

Atomic Layer Deposition (ALD) is a process used for the synthesis 

of oxide thin films with precise control over the thickness and composition 

of the deposited material.  

 

The ALD process involves the sequential deposition of atomic 

layers onto a substrate surface through self-limiting surface reactions [134]. 

The process typically involves four steps: preparation of the substrate, 

deposition of the first precursor, purge, and deposition of the second 

precursor. 

 

During the deposition of the first precursor, a single atomic layer is 

deposited onto the substrate surface through self-limiting reactions [135]. 

The process is then repeated with the deposition of the second precursor to 

form a second atomic layer on top of the first one.  

 

The process can be repeated multiple times to deposit a desired 

number of atomic layers . The ALD process allows for precise control over 

the thickness and composition of the deposited thin film, as the deposition 

of each atomic layer can be precisely controlled.  

 

The process can also be used to deposit a wide range of materials, 

including metals, metal oxides, and nitrides, making it a versatile technique 

for thin film synthesis [136,137]. Overall, ALD is a valuable technique for 

creating thin films with uniform thickness, conformal coating, and 

excellent control over the film properties.  
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Atomic Layer Deposition (ALD) and Physical Vapor Deposition 

(PVD) are both widely used techniques for the synthesis of thin films. 

However, they differ in their mechanism of operation, their advantages, and 

their limitations.In ALD, the deposition of the material occurs through self-

limiting surface reactions, resulting in precise control over the thickness 

and composition of the deposited film [138].  

 

On the other hand, PVD involves the deposition of material in the 

form of vapor, which condenses onto the substrate surface. PVD can be 

carried out using several techniques, including evaporation and sputtering, 

resulting in a variety of film properties.  

 

One advantage of ALD over PVD is its ability to deposit highly 

conformal coatings with uniform thickness and excellent control over the 

film properties [139]. 

 

 In contrast, PVD can suffer from poor conformality and thickness 

control, leading to non-uniform coatings. However, PVD is generally a 

faster process than ALD, making it a more suitable option for industrial-

scale production [140]. 

 

ALD is also capable of depositing a wide range of materials, 

including metals, metal oxides, and nitrides, with precise control over their 

composition. In contrast, PVD is limited to materials that can be evaporated 

or sputtered, which can be a disadvantage for some applications [141]. 
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Overall, both ALD and PVD are valuable techniques for the 

synthesis of thin films, with their unique advantages and limitations. The 

choice between the two techniques depends on the specific requirements of 

the application, such as the desired film properties, the material to be 

deposited, and the production scale.   

 

1.4.5. Electrodeposition 

 

Electrodeposition is gaining popularity as a technique for the 

synthesis of semiconductor thin films and nanostructures, particularly 

chalcogenides and oxides. The electrodeposition can proceed cathodically 

or anodically, beginning with dissolved precursors (mostly ions).  

 

For cathodic (anodic) processes, the reaction should proceed when 

the applied potential is less than (greater than) the redox potential of the 

reaction [142,143]. The schematic of the electrodeposition process is 

shown in figure 1.12 [143]. 

 

When compound semiconductors must be deposited, the reaction 

requires soluble precursors of all elements (2, 3 or more). Notably, the 

precursors for As, Te, and Se are the corresponding oxides dissolved in the 

solution (in this case, an acidic solution). Or it is possible to simply 

dissolve oxygen or nitrate ions [144,145]. One of the most commonly 

deposited materials on glass due to its known applications as a 

photocatalyst are ZnO nanotubes [146].  
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The electrodeposition mechanism of ZnO was shown by the next 

Eqs. (1.13)-(1.15) in the deposition solution: 

 

   
              

                     (1.13) 

                                    (1.14) 

                                 (1.15) 

 

Initially, the reduction of nitrate generates hydroxide ions at the 

interface, which then react immediately with Zn
2+

. Thus, Zn(OH)2 was 

formed, a process known as hydroxylation. 

 

 Further deposition period, zinc hydroxide dehydration produces 

ZnO. Also, the amounts of ZnO accumulated on the surface of the glass.  

 

 

 

 

Figure 1.12 Schematic of electrodeposition process for the creation 

of thin films [143]. 
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1.5. Applications of semiconductors 

oxide thin films 

Semiconductor oxide thin films are widely utilised in diverse fields 

owing to their distinctive features and adaptable nature. The following are 

few prevalent applications of thin films composed of semiconductor oxides, 

in particular, applications based on the interaction of light with these thin 

layers of semiconductor oxides will be discussed.  

 

For this doctoral thesis the main applications studied have been 

photocatalysis for environmental remediation, water purification, and the 

degradation of organic pollutants. 

 

1.5.1. Photocatalysis 

 

This chapter will commence with providing an overview of the 

mechanistic concepts behind semiconductor photocatalysis, followed by an 

examination of the fundamental characteristics of photocatalysts.  

 

Following this, we shall delve into several significant reactions, 

such as the aerial oxidations of pollutants and the use of photocatalysts as 

agents with antibacterial and antiviral properties. There is a lack of 

consensus over the precise definition of the term photocatalysis.  
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The IUPAC (International Union of Pure and Applied Chemistry) 

defines photocatalysis as the alteration in the rate of a chemical reaction or 

its initiation when exposed to ultraviolet, visible, or infrared radiation, in 

the presence of a substance known as the photocatalyst [147].  

 

This photocatalyst absorbs light and actively participates in the 

chemical transformation of the reaction partners. The process that satisfies 

this condition is referred to as photocatalytic. The provided definition 

encompasses the concept of photosensitization, which refers to the 

occurrence of a photochemical alteration in one molecular entity due to the 

absorption of radiation by another molecular entity known as a 

photosensitizer [147]. 

 

It is important to note that the substance mentioned can be either a 

molecular entity or a nonmolecular solid, such as an inorganic 

semiconductor. It should be noted that these concepts do not distinguish 

between heterogeneous and homogeneous systems.  

 

Therefore, the broad domain of catalysis can be categorised into 

two main branches: thermal catalysis, also referred to as catalysis, and 

photocatalysis. Both fields encompass both homogeneous and 

heterogeneous reactions. 

 

The term "photokatalytisch" is believed to have first appeared in the 

textbook "Photochemie," authored by Plotnikov and published in 1910 

[148]. Scheme 1.5 illustrates a simplified reaction diagram for thermal 

catalytic (R+C) and photocatalytic (R+PC) reactions.  
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In contrast to an uncatalyzed photoreaction, where the absorption of 

light occurs without the presence of a catalyst (as seen in Figure 1.13), the 

photocatalyst is often responsible for absorbing the light in a general 

photoreaction [149]. 

 

 

Figure 1.13 Potential energy diagram of a thermal (thin line) and photochemical (bold line) catalytic 

reaction of R to P. C symbolizes a thermal catalyst, and PC a photocatalyst [149].
 

 

Chemical transformations were seen in the early twentieth century 

when different solid-gas and solid-liquid systems including inorganic 

insulators (such as alumina (Al2O3) and silica (SiO2)) or semiconductors 

(such as ZnO and ZnS) were exposed to either natural or artificial light. 

The initial reports documented the occurrence of many processes, including 

photocorrosion, photoadsorption of oxygen, and sensitization of 

photoconductivity, at semiconductor surfaces [150,151].  
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Semiconductors oxide are particularly well-suited for sensitization 

because to their ability to exist in several stable oxidation states and their 

enhanced stability under ambient conditions, which sets them apart from 

most organic molecules.  

 

Regarding the photoredox reaction in general (Equation.1.16): 

 

   
     
↔                       (1.16) 

 

where (SC) is a semiconductor oxide. The process referred to as 

photocatalysis involves a reaction system in which a solid photocatalyst 

facilitates two distinct heterogeneous redox processes concurrently [152]. 

 

As we learned in Section 1.2.3, light absorption in a semiconductor 

oxide generates, inter alia, reactive electron-hole pairs (   
   and    

 ) trapped 

at the surface charges capable of undergoing interfacial electron transfer (IFET) 

reactions. The fundamental reaction steps of a photocatalyzed reaction using a 

semiconductor material can be succinctly described by Equations (1.17–1.19) 

[153]. 

          
     

                  (1.17) 

      
     

                             (1.18) 

      
     

                              (1.19) 

 

Hence, the previously described reaction scheme bears resemblance 

to an electrochemical reaction, whereby the reactive electron and hole are 

regarded as a nanocathode and nanoanode, respectively.  
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Given that the generation of electrical charges is facilitated by the 

absorption of light, the need for an external voltage application is rendered 

unnecessary. In a similar manner to electrochemistry, the formation of 

reduced and oxidised products occurs, as illustrated in Equation 1.16.  

 

The equation provided can be used to describe the overall reaction 

for the majority of SC-photocatalyzed processes [154].  

 

The illustration of type A responses has gained widespread 

acceptance in the literature, as illustrated in Figure 1.14. The circular shape 

serves as a representation of a SC particle, typically comprising a group of 

nanoparticles[155].  

 

The upper and lower lines within the circle signify the boundaries 

of the conduction and valence band edges, respectively. 

 

 

 

Figure 1.14 (a) Direct (via h 1) and (b) indirect (via h 2) semiconductor photocatalysis [155]. 
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The thermodynamic feasibility of a reaction catalysed by a 

semiconductor photocatalyst is often assessed by evaluating the following 

properties: 

 

 It is necessary for the reduction potentials of the substrates to fall within 

the bandgap range of the semiconductor [156]. 

 The light-absorbing species can be identified by comparing the 

electronic absorption spectra of the substrate with the diffuse reflectance 

spectrum of the semiconductor [156]. 

 

In general, the semiconductor acts as the primary light-absorbing 

element, although there are instances where it can also function as a 

substrate or form a complex with the SC-substrate surface.  

 

The nomenclature “direct” and “indirect” semiconductor 

photocatalysis was suggested for the classification of these two reactions 

types. In the direct mechanism, the indicent light (hν1) induces the 

formation of a localized electron-hole pair at the surface of the 

semiconductor [157]. 

 

 This is subsequently followed by two interfacial electron transfer 

(IFET) events involving substrates A and D. While the existence of this 

conventional mechanism is commonly expected, it frequently lacks 

empirical support due to the absorption of light by the substrates or their 

surface charge-transfer complexes.  
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The analysis of the absorption spectra of the substrates and the 

semiconductor typically enables the determination of a preferred 

mechanism. When a substrate undergoes light absorption, a common 

occurrence in the aerial oxidation of dyes, the dye that is stimulated may 

introduce an electron into the conduction band (as depicted in Figure 1.15) 

[158]. 

 

 

  

Thermodynamic feasibility is contingent upon the excited state 

reduction potential being equivalent to or more negative than the flatband 

potential. The separation between the two charges that are created leads to 

a deceleration in the process of recombination.  

 

 

 

 

 

Figure 1.15 Schematic illustration of photoactivation of semiconductor oxide 

thin films and generation of electron-hole pairs. 
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In the realm of semiconductor photosensitization, the Sakata-

Hashimoto-Hiramoto mechanism [157] is an alternative term used to 

describe this particular form of photoinduced electron transfer (PET). (as 

depicted in Equations (1.20-1.22): 

 

 
  
                 (1.20) 

               
                    (1.21) 

      
                         (1.22) 

 

In conclusion, the aforementioned discussions yield the following 

recommendations for the strategic planning of a reaction utilising 

semiconductor (SC)-photocatalysis: 

 

 The purpose of this analysis is to compare the absorption spectra of the 

semiconductor, substrates, and products in order to elucidate the 

characteristics of the light-absorbing entities and prevent any potential 

interference from mutual product absorption. 

 The objective is to determine the reduction potentials of substrates. 

 To assess the thermodynamic feasibility of the reaction steps in the 

IFET (Interfacial Electron Transfer) system, it is necessary to determine 

the position of the flatband potential, also known as the quasi-Fermi 

level. 

 

The whole process of oxidising dye deposits in polluted waterways 

is a well researched area within the realm of indirect photocatalysis [159]. 

It is important to note that within a certain mechanism, the absorption of 

light is solely attributed to the dye. 
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 For this to occur, the reduction potential of the dye's excited state 

must be equal to or more negative than the conduction band edge, or a 

nearby situated vacant surface state.  

 

In such circumstances, the injection of electrons into the conduction 

band could potentially take place through a process known as photoinduced 

electron transfer (PET) [157].  

 

The resulting dye radical cation experiences rapid deprotonation, 

leading in the formation of an intermediate radical that undergoes further 

oxidation giving rise to degradation products (DP) or by degrading the dyes 

to CO2 and water. (Equation 1.21-1.24). 

 

           
     

                    (1.21) 

      
       

                   (1.22) 

       
                            (1.23) 

             
                                   (1.24) 

 

In this way, as will be will be studied the photocatalytic capacity of 

two particular semiconducting oxides, both titanium oxide and zinc oxide 

in the form of thin films as a new application for the functionalisation of 

glasses. 
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1.5.2. Antimicrobial surfaces 

 

The generation of reactive oxygen compounds at the surface of 

semiconductors has been found to elicit significant biological 

consequences, such as the eradication of bacteria and viruses [160,161]. 

 

The photochemical technique described herein has the ability to 

render bacteria non-viable, including those that exhibit resistance to 

oxidative membrane damage resulting from direct exposure to UV 

radiation.  

 

The efficacy of the approach remains intact even in cases when a 

bacteria has been physically detached from the surface of the 

semiconductor [162,163].  

 

Cellular oxidative damage occurs initially at the cell wall and 

persists inside the intracellular region, ultimately resulting in cellular 

demise [164]. Escherichia coli was frequently employed as the prototypical 

bacteria in several studies [165–167]. 

 

In addition, various microorganisms such as Staphylococcus aureus, 

Salmonella choleraesuis, Listeria monocytogenes, Streptococcus mutans, 

and Legionella pneumophila, as well as viral pathogens including avian 

influenza virus, HIV virus, and SARS coronavirus, have been observed to 

undergo deactivation. Furthermore, murine macrophages and cancer cells 

have also been found to exhibit deactivation [167–169]. 
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It should be acknowledged that conducting a quantitative 

comparison of the killing efficiencies of different photocatalysts is not 

meaningful due to the variations in experimental settings [170]. 

 

The word "antimicrobial" is used in a broad manner in the present 

literature, embracing several mechanisms of action that, in some way, may 

contribute to the prevention of bacterial-associated infections (BAI). There 

are three distinct mechanisms of antimicrobial action that can be identified 

[171,172].  

 

These mechanisms are categorised based on (1) surfaces that release 

antimicrobials, (2) surfaces that directly kill adhering bacteria upon 

adhesion without the release of antimicrobials (known as contact-killing), 

and (3) surfaces that are nonadhesive towards bacteria (referred to as non-

adhesivity) [173]. (It is important to note that the term "antifouling" is 

deliberately avoided in this context due to its lack of specificity.) 

 

 The term "fouling" pertains to the undesired accumulation of 

substances on a surface, including various instances such as the presence of 

microbes on biomaterials, implants, and devices, as well as the attachment 

of barnacles and mussels in a marine setting [174,175]. On the other hand, 

the term "anti" contains all potential techniques that aim to hinder or 

diminish fouling. The application of local antimicrobial release, utilising 

substances such as gentamicin and amoxicillin, has been implemented in 

several medical devices including cardiovascular stents, surgical meshes, 

urine catheters, orthopaedic implants, and trauma devices [173]. 
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Numerous antimicrobial surface designs for biomaterials or 

coatings that have been documented in scholarly publications often fail to 

transition into clinical application.  

 

This is primarily due to the industry's demand for uncomplicated, 

durable, and cost-effective manufacturing methods for antimicrobial 

surface designs, while regulatory agencies necessitate expensive and often 

statistically unattainable large-scale clinical trials prior to permitting market 

release [176].  

 

Furthermore, the process of obtaining consent for animal studies has 

grown increasingly challenging. In many countries, the authorization for 

conducting animal experiments is contingent upon providing compelling in 

vitro evidence of effectiveness. The significance lies in the development of 

appropriate in vitro assessment techniques for antimicrobial surface 

designs, with a focus on specific mechanisms of action [177]. 

 

To effectively evaluate the antimicrobial properties of biomaterials 

and coatings, it is imperative to establish a precise and comprehensive 

definition of the term "antimicrobial."  

 

The term "antimicrobial" activity, as defined by ISO 20743, refers 

to the effectiveness of an antibacterial treatment in inhibiting or reducing 

the growth of bacteria, or in eliminating bacteria altogether [178]. 

According to the Japanese Industry Standard (JIS) Z 2801, the term 

"antimicrobial" is defined as the state in which the growth of bacteria on 

product surfaces is inhibited [179]. 
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Significantly, it is noteworthy that ISO 20743 incorporates both 

growth inhibition and bacterial death in its description of antimicrobial 

activity, whereas JIS Z 2801 solely references growth inhibition. 

Nevertheless, their definition of antimicrobial activity fails to differentiate 

between the act of killing microorganisms and the act of inhibiting their 

proliferation.  

 

The efficacy of antimicrobial products is assessed by both 

organisations by comparing the logarithmic difference in viable cell counts 

between the antimicrobial test products and inert controls. This assessment 

is conducted after incubating the samples in the presence of a bacterial 

inoculum (Equation 1.25) [173]. 

 

     (
  

  
)     (

  

  
)               (1.25) 

 

 The challenge numbers of bacteria before incubation on the control 

and antimicrobial test sample are denoted as C0 and T0, respectively. The 

numbers of bacteria typically obtained after 16-24 hours of incubation from 

the control and test sample are denoted as Ct and Tt, respectively. 

 

 

 Ideally, it is desirable for C0 and T0 to possess equivalent numerical 

values, although attaining this equivalence proves challenging when 

assessing non-adhesive surfaces. 

 

Under optimal circumstances, Equation (1.25) simplifies to its more 

widely recognised expression (Equation 1.26). 
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     (
  

  
)                              (1.26) 

 

The evaluation tests that are commonly used in industry (refer to 

Table 1.3) primarily aim to evaluate the effectiveness of non-medical 

products in preventing the growth of microorganisms [173].  

 

The efficacy of most common procedures is evaluated by assessing 

the antimicrobial activity value using Equation (1.26). It is important to 

acknowledge that the determination of antimicrobial activity is heavily 

influenced by the logarithmic scale used.  

 

It is important to acknowledge, however, that the antimicrobial 

activity levels are heavily influenced by the bacterial challenge numbers 

used, as a logarithmic scale is employed. For instance, a log reduction of 2 

refers to a significant decrease in the number of bacteria, particularly when 

transitioning from 10
8
 to 10

6
, as opposed to the decrease from 10

4
 to 10

2
.  

 

Equation (1.26) can also be employed in its linear, similar version 

as indicated by previous studies [180–182], wherein it is denoted as 

Equation (1.27). 

 

          (
  

  
)       (1.27) 

 

 

 

 

 



 

66  

 

The assessment of antimicrobial activity values A can be conducted 

only based on statistically significant differences. However, from a 

microbiological standpoint, it is important to consider the criteria outlined 

in JIS Z 2801. In this context, differences are considered substantial only 

when they exceed two log-units or are expressed linearly as greater than 

99% [183]. 

 

Therefore, in the present thesis we will study the existence of this 

activity in different oxide semiconductors, more specifically TiO2 or ZnO 

in powder form and in thin film form. 

 

Table 1.3 Industrial standard evaluation tests of antimicrobial surface designs together with their 

intended application. (AATCC: American Association of Textile Chemists and Colorists, ASTM: 

American Society for Testing and Materials, EN: European Standard, ISO: International Standard 

Organisation, JIS: Japanese Industrial Standard, SN: Schweizerische Normen Vereinigung)[173]. 

Standard 
Application 

area 

AATCC 30 

Antifungal Activity 
Textiles/Fabrics 

AATCC 90 

Antibacterial 

Activity 

Textiles/Fabrics 

AATCC 100 

Assessment of 

Antibacterial 

Textiles/Fabrics 

AATCC 147 

Antibacterial 

Activity 

Textiles/Fabrics 
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Standard 
Application 

area 

ASTM E2149 

Standard Test Method 

for Determining the 

Antimicrobial Activity 

of Antimicrobial 

Agents Under 

Dynamic Contact 

Conditions 

Textiles 

/Fabrics 

ASTM E2180-07 

Standard Test Method 

for Determining the 

Activity of Incorpored 

Antimicrobial 

Agents(s) In Polymeric 

or Hydrophobic 

Materials 

Textiles 

/Fabrics 

ASTM E2722 

Standard Test Method 

for Using Seeded-Agar 

for the Screening 

Assessment of 

Antimicrobial Activity 

in Fabric and Air Filter 

Media 

Textiles 

/Fabrics 

ISO 20645 

Textile fabrics - 

Determination of 

Antibacterial Activity 

Textiles 

/Fabrics 
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Standard 
Application 

area 

ISO 22196 

Plastics – 

Measurement of 

Antibacterial Activity 

on Plastics Surfaces 

Non- 

porous 

materials 

JIS L 1902 

Testing for 

Antibacterial Activity 

and Efficacy on 

Textile Products 

Textiles 

/Fabrics 

SN 195920 

Textile fabrics 

Determination of 

Antibacterial Activity - 

Textiles 

/Fabrics 

ISO 20645 

Textile fabrics - 

Determination of 

Antibacterial Activity 

Textiles 

/Fabrics 
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CHAPTER 2 

 

Objetives 

 

 

 

 

 

 

 

 
“Energy is one of humanity's greatest challenges. We are continuously 

looking for innovative solutions to address this issue and make energy 

sources cleaner and more efficient “ 

Yi Cui 
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2.1.General Objectives  

 

Semiconducting oxides exhibit a diverse array of uses, particularly 

in the realm of surface functionalization, as has been seen. The primary 

objective of this thesis is to explore the functionalization of transparent 

glass surfaces through the use of semiconducting oxides, specifically TiO2 

or ZnO. This approach aims to impart novel features to these surfaces, 

including the capability to generate photocatalytic or antimicrobial effects. 

 

The expected beneficial results focusing on the following objectives 

are as follows: 

 Synthesis of these semiconductor oxides aims to enable their application on 

a glass substrate while preserving the optical properties of the substrates. 

 Characterize structural, morphological and optical properties of the 

developed materials. 

 Evaluation of the adhesion properties and alterations in the optical 

characteristics of a glass substrate subsequent to the application of 

semiconducting oxides. 

 Investigate the photocatalytic characteristics of the novel developed 

transparent semiconductor oxides on glass substrates. 

 Evaluation of the antibacterial efficacy of light-irradiated transparent 

semiconductor oxides that were deposited onto glass substrates. 

 

In order to accomplish these aims, the methodology entails the 

division of the thesis project into distinct stages, with the aim of facilitating 

the development of transparent semiconducting oxides on glass surfaces. 

This approach is intended to yield novel features for these substrates. 
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Stages are defined as, synthesise the powder of these 

semiconductors to generate transparent thin films on glass by analysing the 

final properties of the substrate, then evaluate the new properties obtained 

by the substrate such as the photocatalytic property or the bactericidal 

property. 

 

These transparent semiconductor oxides must possess certain 

characteristics, including: 

 Reduced particle size (<100 nm) and thin deposition thickness (<300 nm). 

 High absorbance in the UV (<350 nm) and/or visible range (380-780 nm) 

and optical band gap > 3 eV. 

 High transparency as a deposited layer (>80% transmittance). 

 Capacity to generate reactive oxygen species (ROS) when irradiated by 

different types of light. 

 Assess bactericidal and/or bacteriostatic properties through proliferation 

assays and viability analysis for different bacterial groups. 
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ZnO/Ag Nanocomposites with 

Enhanced Antimicrobial Activity 
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Abstract: In this study, ZnO/Ag nanocomposites were synthesized 

using a facile chemical route involving metallic precursors of zinc acetate 

dehydrate and silver acetate, and dissolving the two metallic precursors in 

EtOH. The final concentration of the solution was 0.4 M. The different 

nanocomposites were synthesized using different atomic percentages of 

silver to compare the amount of silver nanoparticles with the bactericidal 

power of the nanocomposites. They were prepared at concentrations of 0, 1, 

3, 5, 7, and 10 at%. The as-prepared nanocomposites were characterized 

using X-ray diffraction (XRD), scanning electron microscopy (SEM) and 

scanning transmission electron microscopy (STEM) to study their 

structural and morphological properties. SEM showed that there is a clear 

effect of Ag on the size of the ZnO particles, since when silver percentages 

of 1 at% are included, the grain size obtained is much smaller than that of 

the ZnO synthesis. The effect is maintained for 3, 5, 7, and 10 at% silver. 

Transmission electron microscopy (TEM) compositional mapping confirms 

the presence of spherical nanoparticles in the synthesized samples. The size 

of the nanoparticles ranges from about 10 to about 30 nm. In addition, UV-

Vis and Raman spectroscopy were performed to obtain structural details. 

The different samples show an increase in the absorption in the visible 

range due to the incorporation of the silver NPs. Measurement of the 

antimicrobial activity was tested against Staphylococcus aureus (S. aureus) 

and Escherichia coli (E. coli) It is shown that zinc oxide has bactericidal 

power for these two groups of bacteria and also that when it is used 

together with silver NP, this effect improves, eliminating more than 90% of 

inoculated bacteria. 
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3.1. Introduction 

 
Metals have been used as antimicrobial agents since ancient times. 

For example, mercury, silver, copper, zinc, and arsenic were used to cure 

infections. Zinc and copper are associated with the mechanism of pathogen 

killing in eukaryotes, where oxidative stress is used to kill the engulfed 

microbe. Metals like gold, silver and mercury are very toxic at low 

concentrations to bacteria and they have broad-spectrum antibacterial 

actions [1,2].  

 

Safety interest related to the drug-resistant microbes and continuing 

emphasis on health care costs have focused on replacing the traditional 

antimicrobial compounds or found another alternative [3]. Nowadays, 

nanotechnology has become an extremely powerful and versatile 

nanoweapon to destroy this particular issue that has been increasing day by 

day. Microbes find survival extremely difficult for survival towards 

nanoparticles as they target large bacterial components, conversely the 

mechanistic action of antibiotics [4]. 

 

Besides, nano-hybrid crystals especially metal-oxide have caused 

special attention as they combine the properties of the constituent elements 

producing a more deep and synergistic effect [5].  In recent years, zinc 

oxide (ZnO) has been recognized as a safe material by the U.S Food and 

Drug Administration [(21CFR182.8991) (FDA, 2011)], and antibacterial 

activity of ZnO NPs has received significant interest worldwide particularly 

by the implementation of nanotechnology to synthesize particles in the 

nanometer region [6].  
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ZnO NPs show great photocatalytic activity as it is an n-type II-VI 

semiconductor with a relatively large bandgap ~3.3 eV of and high 

excitation binding energy (~ 60 meV) at room temperature [7], and it has 

good chemical stability as well as high-temperature resistance ~ 1950ºC in 

the hexagonal wurtzite structure [8].  

 

ZnO holds high optical absorption in the UVA (315-400 nm) and 

UVB (280-315 nm) regions which is advantageous in antibacterial response 

because this feature significantly promotes the interaction on ZnO with 

bacterial [9]. ZnO is a more efficient photocatalyst than titanium dioxide 

(TiO2) under visible light irradiation due to its quantum efficiency, lower 

cost of production and more biocompatibility than TiO2 [10].   

 

The photocatalytic activity can be modulated by allowing 

absorption in the visible range introducing different types of dopants 

(metals or non-metals) [11,12]. Doping ZnO with noble metals like gold 

(Au) and silver (Ag) has been reported to increase the photocatalytic 

activity of ZnO because of improved charge separation and reduction in 

electron-hole recombination in ZnO [13]. The optical vibration of surface 

plasmon in metal nanoparticles enable absorption in the visible range (380-

750 nm) and improve the photocatalytic activity of these metal-

semiconductor composites under visible light [14].  

 

Ag nanoparticles have been investigated by many researchers for 

this important role in a wide array of pathogens, particularly multi-resistant 

pathogens which are difficult to treat with available antibiotics [15].  
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The most used bacteria to test the bactericidal effect of 

nanoparticles of different compositions are S. aureus and E. coli [3,16,17]. 

S. aureus is a GRAM positive bacterium, with a high content of 

peptidoglycan in the cell wall. It is able to survive in variable 

environmental conditions, such as low-pH or starvation. 

 

It is considered an important human pathogen that can cause severe 

skin infections or internal infections when it breaks through the defensive 

barriers. E. coli is a GRAM negative bacterium, whose cell wall has a 

totally different structure from GRAM positive bacteria since it is 

surrounded by a lipidic membrane on the outside. It is a bacterium that 

indicates faecal contamination, as it is present in the intestinal 

microbiota.Although many strains are harmless, there are highly dangerous 

species such as enterotoxigenic and enterohemorrhagic varieties. Both 

bacteria can acquire resistance to antibiotics becoming this way more 

hazardous [17]. Therefore, controlling the growth of these bacteria is 

important for human health. 

 

The effect that Ag NPs might have on bacteria has been studied in 

different works, either to enhance the effect of some antibiotics [18] or 

against selected Gram-negative foodborne pathogens [19] indicate that 

different methods of synthesis of NPs, as well as different methods to 

determine the antimicrobial activity, are used, hardening the comparison 

between the results obtained by different authors. The present work aims to 

determine the ability of the Ag-NP to inhibit or to reduce bacterial growth 

by using a novel synthesis based on sol gel methodology for the generation 

of silver nanoparticles on a zinc oxide surface. 
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3.2. Results and discussion 

 

3.2.1. Synthesis of ZnO/Ag Nanocomposites 

 

ZnO/Ag nanocomposites were prepared by the sol-gel 

method. The solutions were prepared using metallic precursors of 

zinc acetate dihydrate (C4H6O4Zn• H2O; Sig-ma-Aldrich) and silver 

acetate (C2H3AgO2, with 99% purity, Sigma-Aldrich).  

 

These ZnO/Ag nanocomposites were prepared with 

concentrations of 0, 1, 3, 5, 7, and 10 at% of silver, labeled Zn1, Zn2, 

Zn3, Zn4, Zn5, and Zn6. The concentration of the final solutions was 

0.4 M. 

 

The first step of sol-gel synthesis is based on dissolving the 

two metallic precursors in 20 mL of ethanol (EtOH, Scharlau, 

Sentmenat, Spain) using a magnetic stirrer at room temperature (25 

°C). After preparation, triethanolamine (C6H15NO3, 99%, Acros 

Organics) was added to the solution as a reducing/precipitation agent. 

After approximately 30 min stirring at room temperature, a dense 

white gel was formed. We let it dry for 30 min at room temperature 

before the gel was calcined at 600 °C for 1 h in a muffle furnace to 

obtain white-colored nanopowders as the final product (Figure 3.1). 
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3.2.2. Characterization 

 

The crystal structures of the different ZnO/Ag nanocomposite 

samples were studied using X-ray diffraction (XRD) measurements. 

To do so, an X-ray diffractometer (D4 Endeavor, Burker-ASX) 

equipped with a Cu Kα radiation source was used.  ata was 

collected by step-scanning from 10° to 80° with a step size of 

0.05°/ θ and 5 s counting time per step. 

 

 The morphology and the size of the ZnO/Ag nanocomposites 

were observed using a JEOL JEM-1010 200 kV Field Emission 

Transmission Electron Microscope (TEM 200) equipped with a 

JEOL EM-24830FLASH digital camera with a CMOS sensor, 

offering a resolution of 2 k × 2 k. The maximum resolution achieved 

was 0.23 nm. 

 

 

Figure 3.1 The synthesis of the antimicrobial ZnO/Ag nanocomposites. 
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 The microscope was also equipped with a STEM DF/BF 

image acquisition system with a resolution of 1 nm and an Aztec 

TEM Ultim Max microanalysis system from Oxford with a drift 

silicon sensor without a window of 80 mm
2
 and a resolution of 127 

eV for the Mn Kα line. 

 

Raman scattering measurements were performed using a 

Hobiba Jobin-Yvon FHR-640 monochromator coupled with a CCD 

detector in backscattering configuration through a specific probe 

designed at the Catalonia Institute for Energy Research (IREC). The 

spectra were excited by gas (325 nm) with a density power of ~10 

W/cm
2
. Calibration of the spectral position was performed by 

imposing the main peak of single-crystalline Si to 520 cm
−1

.  

 

For each sample, the measurements were carried out at 9 

points with a laser spot diameter of ~70 µm, which made it possible 

to exclude the local variations due to different crystalline orientations 

of the grains and possible inhomogeneities between specific grains. 

UV–visible (UV-Vis) diffuse reflectance spectroscopy of the samples 

was performed to study the optical properties of the ZnO/Ag 

nanocomposites using a CARY 500 SCAN VARIAN 

spectrophotometer in the 220–600 nm range. BaSO4 was used as a 

reference 
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3.2.3. Bactericidal Test of ZnO/Ag Nanocomposites 

 

The antimicrobial effect of the ZnO/Ag nanocomposites was 

tested against the S. aureus ATCC 29213 and the E. coli NCIMB 

9484 strains, both from the Spanish Type Culture Collection 

(CECT). 

 

The strains were pre-cultivated on Luria Bertani (LB) agar 

plates at 37 °C to obtain the inoculum. After 24 h, the bacteria were 

harvested in sterilized MgSO4 (10 mM). LB supplemented with ZnO 

or ZnO/Ag nanocomposites was used in the bacterial growth assays. 

 

The growth assays were carried out in a Multiskan 

FCMicroplate Photometer (Thermo Scientific, Waltham, MA, USA) 

with a total volume of  00 μ  in microlitre wells using an initial 

bacterial density of 106 cfu mL
−1

 of S. aureus and 105 cfu mL
−1

 of E. 

coli. Bacterial growth was incubated at 37 °C with continuous 

agitation and monitored by measuring the optical density every 10 

min with periodic shaking for 24 h. The results were printed out as 

growth curves. 

 

To test whether the applied nanocomposites had an 

antimicrobial or bacteriostatic effect, live and dead cell quantification 

was used. The proportion of living vs. dead cells was quantified 

using the fluorescent LIVE/DEAD BacLight Bacterial Viability Kit, 

L13152 (Molecular Probes, Invitrogen, Paisley, UK).  
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For live and dead cell quantification, 50 microL of bacterial 

suspension was mixed with 25 microL of each of the two 

components of the LIVE/ DEAD BacLight kit and incubated in the 

dark for 20 min. Then, the ratio of live/dead cells was determined by 

flow cytometric analysis. Samples were analyzed on a Becton 

Dickinson FACScan flow cytometer using the CellQuest software, 

which was also used to determine the percentage of live/dead cells. 

SYTO9 (Live) was excited at 480 nm and fluorescence was analyzed 

at 500 nm, whereas Propidium Iodide (Dead) was excited at 490 nm 

and fluorescence analyzed at 635 nm. 

 

Statistical analysis was carried out using a one-way analysis 

of variance in the Statgraphics-plus software of Windows V.5 

(Statistical Graphics Corp., Rockville, MD, USA). The means were 

expressed with standard errors and compared using a Fisher’s least-

significant difference test at the 95% confidence interval. Each 

experiment consisted of eight technical repetitions which were 

repeated three times. 

 

 3.2.4. XRD Analysis  

 

The crystalline behavior and structural properties of ZnO/Ag 

nanocomposites were revealed by powder XRD measurements. XRD 

patterns of the samples were prepared by means of concentrations of 

0, 1, 3, 5, 7, and 10 at% of silver are shown in Figure 3.2. The 

diffraction patterns obtained were analyzed by X’Pert High Score 

Plus software. 
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 The diffraction peaks are all very sharp, which reflects a 

polycrystalline with good crystallinity. It was observed that when the 

Ag at% is raised, the intensity of the diffraction peaks corresponding 

to the cubic structure of Ag NPs (PDF NO. 03-065-2871, a = 4.09 Å) 

increases the crystallinity.  

 

The three diffraction peaks at  θ of 38.1°, 44.3°, and 64.4° 

correspond to the crystal planes of (100), (200), and (220), 

respectively. ZnO peaks corresponding to a hexagonal wurtzite 

structure (PDF NO. 01-080-0074, a = 3.25 Å, c = 5.21 Å) remained 

stable for all the concentrations.  

 

The eight diffraction peaks belonging to ZnO were at  θ of 

31.7°, 34.3°, 36.2°, 47.4°, 56.5°, 62.7°, 67.8°, and 68.9°, which 

correspond to the crystal planes of (100), (002), (101), (102), (110), 

(103), (112), and (201), respectively.  

 

However, the XRD patterns indicate the formation of separate 

phases, a hexagonal wurtzite structure for ZnO, and a cubic structure 

for Ag NPs. The formation of these separate phases can be seen 

when the atomic percentage of silver surpassed a value of 3%. No 

other peaks were identified, suggesting the purity of the synthesized 

sample. 
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Figure 3.2 XRD patterns for the different silver concentrations of the 

nanocomposites (Zn1, Zn2, Zn3, Zn4, Zn5, and Zn6). 

 

3.2.5. Morphological, Size, and Compositional Analysis 

of ZnO/Ag Nanocomposites 

 

The SEM images of the synthesized ZnO/Ag nanocomposites 

are shown in Figure 3.3. Figure 3.3a displays the agglomerated 

particles of pure ZnO. Figure 3.3a–f shows the samples prepared by 

means of concentrations of 0, 1, 3, 5, 7, and 10 at% of silver.  

 

The effect of Ag on the size of ZnO particles is clear. In 

Figure 3.3a, with 0% Ag, there are both small and big particles. After 

adding 1% Ag (Figure 3.3b), all the grains are small, which should 

be the best sample for antibacterial purposes, as they have a higher 

surface/volume ratio.  
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Increasing the amount of Ag only decreases the number of 

small particles, so they almost disappear in samples with 7% (Figure 

3.3e) and 10% (Figure 3.3f). In this way, an increase in the amount 

of Ag by more than 5% varies the particle size, causing the 

surface/volume ratio to decrease considerably. The size of the Ag 

particles was very small (<30 nm), and for this reason, transmission 

electron microscopy (TEM) was used to evaluate the particle size and 

composition of the Ag nanoparticles. 

 

TEM allows determination of the shape and particle size 

distribution of the silver nanoparticles and their location on the 

nanocomposite. Figure 3.4 shows selected STEM images and the 

element mapping of the ZnO/Ag nanocomposites.  

 

The STEM image (Figure 3.4a) shows the presence of the Ag 

nanoparticles on the zinc oxide, thus forming the ZnO/Ag 

nanocomposite, which corresponds to sample Zn1 (1 at% of Ag). The 

Ag nanoparticles are mostly deposited in spherical form on the 

surface of the zinc oxide. The size of the silver nanoparticles ranged 

between 10 and 30 nanometers.  
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The distribution map of Zn (Figure 3.4b) was collected using Kα X-

rays. Figure 3.4c shows the distribution map of O using Kα X-rays. 

The Ag map in Figure 3.4d also consists of Kα X-rays. The Ag maps 

can be observed even for some small particles. It is clear that in the 

case of the Ag nanoparticles shown here, the Ag signals are 

distributed in different regions as Zn signals or O signals, perfectly 

indicating the position of the Ag nanoparticles. 

 

 

 

Figure 3.3 SEM images of ZnO/Ag nanocomposites: (a) Zn1, (b) 

Zn2, (c) Zn3, (d) Zn4, (e) Zn5, and (f) Zn6. 
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3.2.6. UV-Vis Spectroscopy Studies 

 

The absorption properties of ZnO/Ag nanocomposites were 

investigated with UV-Vis spectroscopy in the 200–650 nm range of 

wavelengths. Figure 3.5 shows the ab-sorption spectra for Ag 

nanoparticles on ZnO with different atomic contents of Ag. All the 

samples show strong absorption in the UV range.  

 

Figure 3.4  (a) STEM images of ZnO/Ag nanocomposites; (b) 

Elemental mapping of Zn collected using Kα X-rays, (c) Elemental 

mapping of O collected using Kα X-rays; (d) Elemental mapping of Ag 

collected using Kα X-rays. 
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Additionally, the broad exci-ton-related peak at 360–370 nm 

disappears, and this behavior is associated with UV absorption in 

zinc oxide [27]. The absorption spectrum of pure ZnO shows 

maximum absorption at 360 nm. Furthermore, with the Zn2 sample, 

the absorption edge shifted to a higher wavelength (365 nm) with 

respect to pure ZnO (Zn1). This shift is related to the incorporation 

of Ag NPs in the ZnO matrix [28]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2.7. Raman Spectroscopy 

 

Spectra measured under the 325 nm excitation wavelength are 

presented in Figure 3.6, which shows the typical spectra of ZnO 

compounds under the resonant conditions, with an intense LO peak 

(sum of two modes with A1 (LO) and E1 (LO) symmetry) and its 

second-order 2LO peak [29].  

 

Figure 3.5 Absorption spectra of ZnO/Ag Nanocomposites: (a) Zn1, (b) Zn2, (c) Zn3, (d) 

Zn4, (e) Zn5, and (f) Zn6. 
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In the average spectra of each sample, additional small 

intensity peaks can be identified (see the vertical dashed lines in 

Figure 3.6). All of them are related to the fundamental or previously 

observed multiphonon modes of the ZnO compound [30]. No 

additional peaks/bands that can be associated with the presence of Ag 

NPs in the powders can be observed in the spectra that were 

measured. 

 

 
 

 

 

 

 

 

 

Figure 3.6 (A) Raman scattering spectra of nanocomposite samples (Zn1, Zn2, 

Zn3, Zn4, Zn5, and    Zn6) were measured under 325 nm excitation wavelength in 

different points of the samples and (B) averaged per sample. 

 

Furthermore, the homogeneity of the samples and possible 

correlation of the Ag atomic percentage with the intensity of 

additional peaks/bands were accomplished. For this different 

reference, the LO peak in the spectra was selected, measured under 

325 nm excitation. This peak is separated from the additional bands 

and makes it possible to define the homogeneity or correlate the 

spectra evolution with the Ag content.  
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The homogeneity of the powders was assessed by calculating 

the relative integrated intensity of the 2LO peak in the spectra 

measured under 325 nm excitation. The ratio of intensities between 

the 2LO and LO peaks mainly changes due to the band gap variation 

in the ZnO compound, which changes the proximity to the resonant 

conditions.  

 

As seen from the box plot in the left panel of Figure 3.7, the 

mean value of the relative integrated intensity of the 2LO peak is 

quite similar in all the samples, except for sample Zn4. Also, the 

homogeneity of the samples is different and is can be seen to be quite 

good for Zn2, with Zn3 being the worst. No correlation of the mean 

value or the inhomogeneity of the sample with the amount of Ag 

concentration was observed, assuming a gradual increase in the Ag 

NPs in the nanocomposites from sample Zn1 to sample Zn6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Relative integrated intensity of 2LO peak from the spectra 

measured under 325 nm exci-tation wavelength. 
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3.2.8.Antimicrobial Activity of ZnO/Ag Nanocomposites 
 

The effect of ZnO/Ag nanocomposites at different 

concentrations of Ag was ana-lyzed in vitro against S. aureus and E. 

coli. The results showed a reduction in the growth of both bacteria in 

the presence of ZnO and ZnO/Ag nanocomposites when compared to 

controls. The antimicrobial effect of ZnO nanoparticles has been 

previously demon-strated, with an increase in the action of some 

antibiotics being observed in the presence of NP [33,34]. 

 

In the same way, there is clear evidence that the use of Ag 

nanoparticles increases the antimicrobial effect of certain antibiotics 

or defense-inducing molecules such as chitosan, which makes it 

difficult to analyze the effect of the nanoparticles [13,23,35–37]. 

Other authors have tested in vitro the effects of Ag NPs against E. 

coli and S. aureus, noting that Ag NPs were effective against E. coli 

but not against S. aureus. 

 

 However, the mechanism of action of the Ag NPs is still 

unknown, since it depends on the type of nanoparticle, the size, the 

arrangement of the ions, and their concentration [14,34,38,39] as 

well as the morphology of the bacteria (type of cell wall, type of 

metabolism, virulence mechanism, etc.) [40].  
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Previous studies have suggested that the action of Ag NPs on 

bacteria may be due to their ability to penetrate the cell [41], the 

production of reactive oxygen species (ROS) [42], or the formation 

of free radicals, as well as the inactivation of proteins in the cell by 

silver ions [15]. 

 

The variability of these results led us to test the effect of ZnO 

combined with dif-ferent concentrations of silver on E. coli and S. 

aureus. The novelty of our study lies in the synthesis method of the 

Ag NPs, which is a novel synthesis method based on sol-gel 

methodology, and in the fact that Ag NPs synthized in this study 

were able to inhibit high concentrations of both bacteria, which 

rarely occurs in real-life systems. The results obtained are shown in 

Figure 3.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Results of the effect of the treatments on S. aureus and E. coli in 

the absence of treatment (Ct), with ZnO (Zn1) and with the ZnO/Ag 

nanocomposites (Zn2, Zn3, Zn4, Zn5, and Zn6). The bars on the graphs 

represent the standard error; the asterisks indicate significant differences. 
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Under our conditions, a reduction in bacterial growth was 

observed from 3h of inoculation in both bacteria and all treatments 

when compared to the control. In S. aureus, a similar effect in growth 

inhibition was observed in ZnO with or without Ag NPs; in E. coli, 

bacterial growth was greater in the absence of Ag NPs at all sampling 

times, although no significant differences were observed (Figure 

3.9).  

These results are in concordance with previous works 

observing that Gram-negative bacteria are more susceptible to silver 

nanoparticles. This may be due to the fact that the cellular wall of 

Gram-negative bacteria is narrower than that of Gram-positive 

strains, which may reduce the penetration of nanoparticles into the 

bacterial cells [43].  

 

When analyzing the effect of the different concentrations of 

Ag against both bacteria, it can be seen that an increase in the 

concentration of Ag does not correlate with an increase in its effect 

against the bacteria. Furthermore, it seems that lower concentrations 

of Ag have greater efficacy against E. coli. 
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In order to check whether the effect of the Zn/Ag 

nanocomposites was bacteriostatic or bactericidal, the samples were 

stained with the LIVE/DEAD BacLight kit and further analyzed 

through flow cytometry.  

 

All treatments showed a bactericidal effect when compared to 

controls, as seen in Figure 3.9. The treatments reduced the 

percentage of living cells by more than 90% in most cases. Table 2.1 

shows the results of the percentages of live bacteria concerning the 

total number of cells counted, which were obtained using the flow 

cytometer after being stained with the live/dead kit. 

 

 

 

 

 

Figure 3.9. Cytometry charts showing the percentage of live 

and dead cells. 
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Table 2.1 Percentage of live bacteria determined by  using the flow-cytometer after 

being stained with the live/deadkit. 

 Name of sample Ctr      Zn1 Zn2 Zn3 Zn4 Zn5 Zn6 

Percentage of 

live bacteria 

(%) 

S.aureus 

 

96.5 15 9 9 9 8 9 

E.Coli 91.25 12 6 6.5 9.5 5.5 4.5 

 

 The fact that increasing the silver concentration does not 

correlate with an increase in its antibacterial effect could be due to 

the arrangement of Ag in the NPs when added at higher 

concentrations. At higher concentrations, Ag tends to agglomerate, 

thereby decreasing the area of its surface in contact with the bacteria. 

Moreover, at higher concentrations of Ag, the size of the NPs is 

larger, as shown in Figure 3.2. Related to this, Ref. [44] reported that 

Ag NPs of smaller size could cause more toxicity to the bacteria and 

show better bactericidal effects compared to the larger particles as 

they have larger surface area. 

  

In addition to being able to penetrate into bacterial cells, it is 

thought that another mechanism by which Ag NPs are killing 

bacteria is by releasing silver ions [45]. The efficiency of this process 

depends on different factors, such as intrinsic Ag NPs characteristics 

and surrounding media. For example, smaller silver nanoparticles are 

more prone to Ag release, due to their larger surface area. These 

findings could also support the fact that in our results, the 

antibacterial effect is not correlated with the concentration of Ag 

since Zn2 NPs containing 1% Ag are the smallest and are the most 

effective against the tested bacteria.  
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3.3. Conclusions 

 In summary, a soft chemical route was performed to prepare 

ZnO/Ag nanocomposites. The XRD patterns indicate the formation 

of separate phases, namely, a hexagonal wurtzite structure for ZnO 

and a cubic structure for Ag NPs 

 

 The formation of these separate phases can be seen when the 

atomic percentage of silver exceeds 3%. SEM shows that the 

presence of these Ag nanoparticles causes the growth of ZnO to vary, 

which can then affect its bactericidal power. STEM allows the 

morphology and sizes of the Ag NPs to be nano-spheres (~20 nm) on 

the wurtzite ZnO surface.  

 

The absorption bands from the UV-Vis analysis of the 

samples increase due to the contribution from the surface plasmon 

resonance absorption of silver nanoparticles, showing significantly 

higher visible light absorption compared to the ZnO matrix. Raman 

spectroscopy showed that spectra measured in non-resonant 

conditions displayed a clear difference between the ZnO powder 

(Zn1) and nanocomposites with different Ag concentrations (Zn2–

Zn6). Here, several non-fundamental peaks/bands are activated after 

adding Ag. In this way, it is clear that the silver is segregated in the 

form of NP and does not occupy positions within the zinc oxide 

structure. Some of them can be assigned to the previously observed 

multiphonon modes.  

 

 



133 

 

 

 

When analyzing the effect of the different concentrations of 

Ag against both bacteria, we can observe that an increase in the 

concentration of Ag does not correlate with an increase in its effect 

against the bacteria. Consequently, when the percentage of dopant 

increases, the Ag NPs tend to agglomerate, thereby decreasing both 

their surface area and the area of their surface in contact with the 

bacteria. Hence, using only 1 at% of Ag reduces the percentage of 

living cells by more than 90% in most cases, thus increasing their 

effectiveness in the destruction of bacteria by 5% compared to that of 

zinc oxide without Ag NPs. 
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CHAPTER 4 
 

Functional properties of 

transparent ZnO thin films 

synthetized by using spray 

pyrolysis for environmental and 

biomedical applications 
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“We are creating materials with customized properties that we could 

only imagine in science fiction before. Materials chemistry is taking 

science and engineering to new heights.” 

 

Angela Belcher 
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Abstract: Spray pyrolysis is a promising method for producing thin, 

transparent films on glass substrates. ZnO thin films synthesized by 

this method exhibit high crystallinity, adhesion and chemical 

resistance. They also possess the ability to degrade water pollutants 

and exhibit antibacterial properties under UV light. The crystalline 

structure of these films has been studied using grazing X-ray 

diffraction (GIXRD), atomic force microscopy (AFM) and scanning 

electron microscopy (SEM), while transmission electron microscopy 

(TEM) has been used to investigate their composition and purity. 

Other techniques such as X-ray photoelectron spectroscopy (XPS), 

Raman spectroscopy and ultraviolet-visible spectroscopy were also 

employed. ICP-OES was used to evaluate photocatalyst leaching. 

These transparent thin films have exceptional optical properties, with 

a transmittance of 95%. The photocatalytic degradation of 4-

Nitrophenol (4-NP) by ZnO thin films showed a degradation rate of 

94% in 270 minutes with a kinetic constant value of 3.1×10
-3

 

mM/min. The films are also highly durable and reusable, exhibiting 

superior performance compared to other ZnO photocatalysts. The 

bactericidal activity of these transparent films was also evaluated, 

with a value of 60.6% being obtained using Escherichia coli after 

irradiating the films with UV light for 3 hour. 
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4.1. Introduction 

 

In recent years, materials transparency has become a very 

important aspect in several fields such as optics and photonics [1,2], 

architecture and construction [2,3], electronics [4,5], medicine [6,7] 

or aerospace and defence [8,9]. Transparent materials thus play a 

crucial role in many areas of modern technology and industry, and 

their continued development and improvement are essential to 

advance in these fields [10].  

 

Zinc oxide (ZnO) is among the most researched materials that 

become transparent, and consequently it is also one of the most 

widely used oxides in photocatalysis [11,12], photovoltaic cells 

[13,14], piezoelectrics [15,16], sensors [17,18], antibacterial agents 

[19,20] or fungicides [21,22]. ZnO belongs to the n-type 

semiconductor with an exciton binding energy of 60 meV and a 

direct band gap of 3.37 eV.This bandgap value indicates its high UV 

absorption and its transparency towards the visible range [23,24]. 

 

Reactive oxygen species (ROS) such as superoxide anion  

(O2
-●
), hydroxyl radical (OH•) and singlet oxygen (

1
O2) are able to 

degrade different types of organisms such as gram-positive and 

gram-negative bacteria [25,26] and cancer cells [27] by inducing 

oxidative stress [28,29], as well as promoting the degradation of 

water pollutants [30]. Some of the substances described as water 

pollutants by the European Chemical Agency (ECHA) [31] are 

pharmaceuticals [32], pesticides [33], personal care products (PCPs) 

[34] or industrial by-products [35].  
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Moreover, there is a wide variety of morphologies thanks to 

the different methods of ZnO synthesis, whether in the form of 

nanoparticles (NPs) [36], nanotubes (NTs) [37], nanowires (NWs) 

[38] or thin films [39]. The use of ZnO NPs as bactericidal agents is 

well known, with particle size, smaller particles generally having a 

higher surface area-to-mass ratio, which can enhance their reactivity 

and potentially lead to increased ROS [40]. 

 

However, ZnO NPs and NTs used as antibacterial agents or 

photocatalysts for pollutants in water have serious limitations, 

especially when used to functionalize a surface. First, NPs tend to 

aggregate, leading to a decrease in their antibacterial capability [41]. 

 

Although aggregation is discussed in the context of NPs, this 

phenomenon also occurs in a large number of nanostructured 

materials, due to the strong interaction that NPs undergo in relation 

to their size, shape, surface charge or pH of the medium in which 

they are dispersed [42,43].  

 

Another major challenge in the use of ZnO NPs is their 

relatively low stability in aqueous solutions, which limits their 

application as photocatalysts for surfaces that may come into contact 

with water [44–46]. 

 

 For the generation of surfaces with antimicrobial properties, 

it is mandatory to ensure that ZnO NPs are firmly attached to the 

surface and that they are not released over time. 
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A multitude of methods are available to obtain transparent 

thin films, such as atomic layer deposition (ALD) [47], chemical 

vapour deposition (CVD) [48], electroplating [49] or sol-gel spin 

coating [50]. In all these techniques the adaptation to industrial 

applications is severely limited because they require high levels of 

technical sophistication or the creation of a high vacuum for the 

production of thin films [51]. 

 

However, the spray pyrolysis method has no such drawbacks 

because it is able to produce transparent thin films by simply 

spraying a precursor solution of the material onto the heated 

substrate. Moreover, it can be used on a multitude of substrates, 

including glass [52], metal or polymer [53], which is advantageous 

for industrial applications.  

 

In this work, the deposition of ZnO on glass to form a thin 

transparent film has been achieved using the spray pyrolysis method. 

The transparent ZnO thin films exhibit high crystallinity and 

adhesion to glass substrates, as well as high resistance in neutral and 

basic aqueous media.  

 

The study of this material as a photocatalyst was also carried 

out using a UV lamp, revealing that it has a high capacity for the 

photodegradation of a pollutant such as 4-NP. In addition, it was 

demonstrated that these thin films, when exposed to this type of light, 

can function as antibacterial surfaces. 
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4.2. Results and discussion 

4.2.1. Chemicals 

Zinc acetate (Zn(CH3COO)2•2H2O ≥99.5% PanReac 

AppliChem, ethanol (EtOH, Scharlau), ammonia (NH3, 30% w/w, 

PanReactAppliChem), 4-nitrophenol (4-NP, ≥98%, Sigma-Aldrich), 

sodium hydroxide (NaOH, pearls 1–  mm, ≥98%,  abkem), 

hydrochloric acid (HCl, 37%, PanReactAppliChem) and deionized 

water, with pH 7.1 ± 0.2 and a resistivity of 17.9 MΩ-cm (Ultramatic 

Plus, Wasserlab, Spain) were used. Tert-butyl alcohol (t-BuOH), 

formic acid (HCOOH) and 1,4-Benzoquinone (C6H4O2) (99%, 

purity) were purchased from Sigma-Aldrich. 

 

4.2.2. Instrumentation 

The transparent ZnO thin films were examined to determine 

their crystalline structure using grazing incidence X-ray diffraction 

(GIXRD). To conduct the analysis, a Cu K radiation source-equipped 

Burker-ASX X-ray diffractometer, specifically the D4 Endeavour 

model, was employed. The scanning process involved stepping from 

10º to 90º 2θ, with a step size of 0.05º 2θ and a counting duration of 

3 seconds per step.  

 

The incident angle of the measurements, approximately 1º, 

was determined experimentally. For the investigation of surface 

characteristics, morphology, and thickness of the coatings, scanning 

electron microscopy (SEM) was performed using a JEOL 7001F 

instrument. SEM-EDS mappings were obtained using an acceleration 

voltage of 10 kV and a beam current of 0.6 nA.  
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To ensure accurate spectral recordings, drift correction was 

applied, with a step size of 0.3 μm and a minimal dwell time of 0.3 

msec. The EDS analyses were conducted using Aztec 4.3 software 

developed by Oxford Instruments in the United Kingdom. To 

measure the thickness of the layers, micrographs of cross-sections 

were utilized. The crystallite sizes were determined by applying the 

Debye-Scherrer equation (equation 4.1) to the XRD data [52]. 

 

  
  

     
          (4.1) 

 

The Debye-Scherrer equation (equation 4.1) utilizes various 

parameters to determine the crystallite sizes. In the equation, the 

Scherrer constant (k) is typically 0.9 for spherical particles, the X-ray 

wavelength (λ) is 1.5405 Å, the peak width at half-maximum (β) 

represents the width of the peak at half of its maximum intensity, and 

θ corresponds to the Bragg diffraction angle [55].  

 

To examine the surfaces of the transparent thin films, an 

Atomic Force Microscope (AFM) operating in contact mode was 

used. Specifically, a JSPM-5200 JEOL Scanning Probe Microscope 

was used for this purpose.  

 

For Transmission Electron Microscopy (TEM), a JEOL JEM-

1010 EM-24830 FLASH digital camera equipped with a CMOS 

sensor was utilized. This camera offers a resolution of 2k × 2k and 

facilitated the TEM analysis.  

 

 

 



 

148 

 

 

 

The microscope also featured an Oxford STEM DF/BF image 

acquisition system with a drift silicon sensor,an 80 mm
2
 window and 

127 eV resolution for the Mn K line. Before TEM analysis, a drop (8 

μL) of a suspension of the removed thin film diluted in ethanol was 

deposited on a copper grid with an amorphous carbon film and 

allowed to dry. 

 

The thin film’s composition and purity were examined using 

X-ray photoelectron spectroscopy (XPS) on a Sage 150 

photoelectron spectrometer, which is part of a multi-technique 

surface analysis system. The electron-energy detection was 

performed using a Mac 2 Cameca Riber double stage cylindrical 

mirror detector.  

 

The X-ray source utilized was a dual anode Cameca SCX700. 

In all cases, a non-monochromatic Al K X-ray source (energy = 

1486.6 eV) was employed for excitation. Raman scattering 

measurements were carried out using a Hobiba Jobin-Yvon FHR-640 

monochromator coupled with a CCD detector in a backscattering 

configuration. Gas (325 nm) and solid-state (532 nm) lasers with 

respective power densities ~10 and ~50 W/cm
2  

were used to excite 

the samples. 

 

The spectral alignment was adjusted by setting the primary 

peak of a monocrystalline silicon sample to 520 cm
-1

. Diffuse 

reflectance spectroscopy (DRS) was conducted on a UV-Vis 

spectrophotometer (JASCO U-560).  

 

 



 

149 

 

 

The spectra of the materials were obtained using a Bruker 

Optics Tensor 27 spectrometer connected to a horizontal attenuated 

total reflectance (ATR) cell, with 256 scans performed at a resolution 

of 4 cm
-1

. To analyze the leaching of the photocatalyst, a Jobin Yvon 

Activa M ICP-OES instrument was utilized. 

 

The optical bandgap value for the thin film was derived from 

the absorption coefficient (α) value, which was calculated using 

 ambert’s  aw in the following equation (4.2) [53]: 

 

    
 

 
   (

 

 
)         (4.2)  

 

where T is the transmittance, and t is the film thickness.  

 

The optical bandgap of thin films could be calculated by 

extrapolating (αhν)
2
  versus hν using equation (4.3). 

      (     )
 

       (4.3)  

where A is a constant, hv is the photon energy, and Eg is the 

optical bandgap. 

 

4.2.3. Preparation of transparent ZnO thin films  

 

For the preparation of the transparent ZnO thin films, 0.5 mol 

of Zn(CH3COO)2• H2O were dissolved in EtOH (40 mL). This 

mixture of precursors was stirred for 1h to ensure the homogeneity of 

the solution. 

 

 

 



 

150 

 

 

 

 Using a 100 mL capacity atomizer with a fine grade of 

spraying (CAT NUMBER: 34 48 51) connected to a compressed air 

pump at a pressure of 0.9 bar (Fig. S1), transparent thin coatings 

were manually deposited onto a soda-lime glass (2.5 × 2.5 cm) 

previously heated to 400ºC (Fig. 4.1).  

 

Prior to heating, the glass was cleansed in a 30% (w/w) NH3 

solution followed by ultrasonication for 15 min. The deposited thin 

coatings were then heated to 500ºC on a hot plate under atmospheric 

pressure to remove any organic residue. Figure. S2 shows the 

appearance of the transparent ZnO thin films on the glass substrate.  

 

 

 

 

 

 

 

 

4.2.4. Experiments for the screening of photocatalytic activity.  

 

The photocatalytic efficiency of the ZnO thin film was 

examined for its ability to degrade 4-Nitrophenol (4-NP) under UV 

light exposure at room temperature. In a typical procedure, the 

samples were immersed in a glass vessel containing 30 mL of an 

aqueous solution of 4-NP (6.95 mg/L). Prior to irradiation, the 

solution was left in darkness for 30 minutes to establish an 

adsorption/desorption equilibrium.  

 

Figure 4.1 Schematic representation of the preparation of transparent 

ZnO thin films on glass substrates. 
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A UV light source (SUPRATECH HTC 150-211 UV, Osram) 

with a nominal power rating of 150 W, emitting 22 W in the UVA 

region (315-400 nm) and 6 W in the UVB region (280-315 nm), was 

employed. The light intensity measured was 0.105 W/cm
2
. Refer to 

Figure. S3 for a depiction of the experimental setup for the 

photocatalysis. At regular intervals, samples of the reaction mixture 

were withdrawn, and a NaOH pellet was promptly added to each of 

them to induce the formation of 4-nitrophenolate ions, which exhibit 

maximum absorption at 410 nm (Figure. S4). The concentration of 4-

NP was monitored using UV-Vis spectroscopy at 410 nm, employing 

equation (4.4): 

 

      (  
  

  
)          (4.4) 

 

where C0 represents the initial 4-NP concentration and Ct 

refers to the real-time concentrations of 4-NP, respectively. The 

kinetics of 4-NP were performed using the expression presented in 

equation (4.5): 

 

      
    

 
       (4.5) 

 

where kapp (mM/min) represents the reaction rate constant in 

mM at time t (min). 

 

To determine the stability of the as-prepared ZnO thin film, it 

was recovered and subjected to four additional photodegradation 

cycles under the same conditions.  

 



 

152 

 

 

 

To clarify the photocatalytic reaction mechanism, the 

degradation of 4-NP was carried out in the presence of 1 mM of tert-

butyl alcohol (t-BuOH), formic acid (FA), and 1,4-Benzoquinone 

(1,4-BQ), which are known as scavenger species, for capturing 

hydroxyl radicals (OH•), holes (h
+
) and superoxide radicals (O2

–●
), 

respectively [54,55]. 

 

4.2.5. Determination of antibacterial activity 

 

The antibacterial activity of ZnO thin films was evaluated 

using a modified version of the standard method test Jisz 2801_2000 

as described previously [56]. Briefly, Escherichia coli ATCC 25922 

cells were used to test for the antibacterial activity of ZnO thin films 

with or without irradiation of UV light for 3h. As a reference, glass 

samples were used. At least 2 sample pieces for each condition were 

used and 3 plates per sample were cultivated to determine the 

concentration of colony-forming units (CFU/mL) in each assayed 

condition. 

 

The antibacterial rate (R) was calculated according to 

equation (4.6): 

 

                          (4.6) 

 

where N0 represents the average number of viable bacteria on 

a reference sample, and N is the average number of bacteria on tested 

samples. 
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4.2.6. Characterization of transparent ZnO thin films 

 

The microstructure of ZnO thin films, such as crystalline 

orientation, crystalline structure, uniformity, and film density, was 

studied. The orientation and structure of ZnO crystals were analysed 

based on GIXRD patterns. Seven diffraction peaks were identified in 

the GIXRD pattern, indicating a polycrystalline structure, as shown 

in Figure. 4.2a.  

 

The most intense diffraction peak (002) indicates that the 

crystallites are predominantly oriented perpendicular to the glass 

substrate on which they have been deposited. Using thin film 

deposition techniques, crystalline growth is predominant along the z-

axis due to the reduced surface energy of the (002) plane [57].  

 

Furthermore, the computed values for the lattice constants a 

and c were determined to be 3.24 Å and 5.21 Å.The ratio of c to a 

(c/a) was found to be 1.602, which closely approximates the c/a ratio 

observed in a hexagonal structure (c/a = 1.633). Hence, the values 

are in accordance with those indicated in the standard card (JCPDS 

070-2551) for ZnO, wurtzite type.  

 

The mean particle size (D) of the ZnO thin films, estimated to 

be 25.0 nm, was calculated using the Scherrer equation based on the 

diffraction peak at2θ = 34.4º associated with  the (002) reflection 

plane. AFM images reveal that the surface of these thin films is 

rough, with a root-mean-square (RMS) roughness of 29.9 nm and an 

average roughness (AR) of 24.4 nm.  
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The RMS value obtained is comparable to values obtained on 

SiO2/Si substrates [60], and the average particulate size of ZnO in the 

layer corresponds to the value estimated by Sherrer's formula. Figure. 

4.2c shows the top view, and Figure. 4.2d shows the cross-sectional 

view of the ZnO thin films.  

 

The top view SEM image (Figure. 4.2c) confirms the 

formation of a dense layer, consisting of flawlessly sintered round 

grains.  

 

In addition, the cross-sectional SEM image shows that ZnO 

has a dense columnar structure and that its adhesion to the glass 

substrate is strong and delamination-free (Figure. 4.2d). Figure. S5 

shows the transmission electron microscopy of a selective area, 

confirming that ZnO crystals grew perpendicular to the glass.  

 

The interplanar distance calculated from Figure. S5 is 0.26 

nm, which is consistent with the interplanar distance of the (002) 

plane of ZnO (JCPDS 070-2551). EDS analysis shows that the 

transparent thin film is composed exclusively of ZnO. 
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Figure 4.2 (A) GIXRD pattern, (b) AFM image, (c) top SEM image, and (d) cross-sectional 

SEM image of transparent ZnO thin films. 

 

The Raman spectrum of a ZnO thin film measured under a 

325 nm excitation wavelength, showing the vibrational modes, is 

presented in Figure. 4.3. Under resonant conditions, the intense LO 

peak (sum of two modes with A1(LO) and E1(LO) symmetry) and a 

second-order 2LO peak are observed in ZnO thin films [58]. 

 

 These additional low-intensity peaks can be identified (see 

the vertical dashed lines in Figure. 4.3). They all are associated with 

the fundamental or previously identified multiphonon modes of 

crystalline ZnO [59]. No additional peaks/bands that could be 

associated with the presence of other metals or impurities were 

visible. XPS was used to confirm the presence of Zn, O and C.  
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The characteristic peaks of Zn 2p (1021 eV), O 1s (530 eV) 

and C 1s (285 eV) are shown in Figure. S6, quantifying the atomic 

content of the transparent thin film as 54.2, 42.6 and 3.3% of Zn, O 

and C, respectively. 

 

 

 

 

 

 

 

 

 

   

  

As shown in Figure. 4.4, the transparent ZnO thin films 

exhibit high absorbance below 350 nm and high transmittance, 

reaching approximately 95% above 350 nm, i.e. across all the visible 

range. Figure.S3 shows the high transparency of ZnO thin films 

deposited on glass.  

 

The optical band gap value was estimated using the 

interpolation of the Tauc plot with with respect to the x-axis. As 

shown in Figure. 3b, the estimated value was 3.28 eV. The estimated 

values agree with the latest reported values for ZnO thin films 

[60,61].      

Figure 4.3 Raman spectrum of a typical ZnO thin film (laser line at 325 nm). 
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4.2.7. Photocatalytic degradation of 4-NP 

 

Initially, the photodegradation of 4-NP in the absence of ZnO 

thin films was evaluated in two control tests: (i) under UV-light 

irradiation and (ii) under UV-light irradiation with an uncoated glass 

substrate.  

 

 

Figure 4.4 The optical characteristics of the ZnO thin film, (a) the absorbance and transmittance 

spectra analyzed using UV–vis spectroscopy, and (b) the determination of the energy band gap 

through the Tauc plot. 
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The results demonstrated that only 10% of 4-NP had been 

degraded after 270 minutes in both experiments (i) and (ii) (Figure. 

S7). Furthermore, the capacity of the thin films to adsorb 4-NP 

molecules was also evaluated using ZnO thin films under dark 

conditions.  

 

The investigation revealed that a minute quantity of 4-NP was 

captured by the ZnO thin films' surface (approximately 9%), and the 

highest level of adsorption was attained within a 30-minute 

interaction period, (refer to Figure. S8). 

 

 Thin films had a total weight of 0.112 mg/cm
2
, which is a 

smaller amount of catalyst as compared to related work published in 

the literature [62,63].  

 

The ZnO thin films showed high photocatalytic activity, 

leading to 94% 4-NP degradation after 270 minutes, as shown in 

Figure. 4.5(a).  

 

Figure. 4.5(b) illustrates the difference in photodegradation 

efficiency by depicting the C/C0 for the transparent ZnO thin films. 

The 4-NP concentration was obtained using the calibration curve 

presented in Figure. S9. 
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The kinetic profile of 4-NP degradation using the ZnO thin 

film is shown in Figure. 4.5(b), which agrees with a pseudo-zero-

order reaction with a kinetic rate constant of 3.1×10
-3

 mM/min. The 

obtained kinetic constant for the degradation of other benzoic 

compounds using ZnO as a photocatalyst (Table 4.1) is a 

significantly lower value. 

 

On the other hand, the photocatalytic degradation rate of 4-

NP decreased from 94% to 33% upon addition of hydroxyl scavenger 

(tert-butyl alcohol) to the reaction mixture, whereas addition of FA 

or 1,4-BQ only decreased the degradation rate to 62% and 55%, 

respectively (Figure.4. 6(a)).  

 

The bar graph in Figure. 4.6(b) clearly illustrates the effect of 

the tested scavengers on the photocatalytic degradation of 4-NP over 

the ZnO thin film. 

 

Figure 4.5 (A) UV–Vis absorption spectra of aqueous solutions of 4-NP (C0 = 6.95 mg/L) 

under UV-light irradiation in the presence of transparent ZnO thin films, and (b) pseudo-zero-

order decay fitted linear regression curve for 4-NP photodegradation in the presence of 

transparent ZnO thin films and photolysis. 
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Figure. 4.6(a) and 4.6(b) show that h
+
 and O2

–•
 exert a 

negligible contribution to 4-NP removal, thereby confirming the 

crucial role of OH• in the degradation process. 

 

Figure 4.6 The kinetics of the photoreaction using different scavengers were studied on 

ZnO thin films that allow light to pass through (b) The percentage of degradation efficiency 

was evaluated using different scavengers on ZnO thin films that are transparent. (c) A visual 

representation illustrating the mechanism of degradation of 4-NP in the presence of 

transparent ZnO thin films. 
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Table 4.1 Comparison of the transparent ZnO thin films behaviour with other recently 

developed similar ZnO photocatalysts under UV light irradiation. 

Samples Benzoic  

compounds 

[Pollutant] 

(mg/L) 

Amount of 

photocataly

st (mg) 

Removal 

(%) 

This work 4-Nitrophenol 

(4-NP) 

7.0 0.7 94 in 270 

min 

Nanocrystalline 

immobilized ZnO 

[67] 

Benzoic Acid 

(BA) 

122.1 unknown 18.3 after 

400 min 

ZnO powder [68] Benzoic Acid 

(BA) 

40.0 50 39 after 

120 min 

ZnO nanoparticles 

[69] 

 

Tetracycline, 

(TC) 

100.0 50 61.6 after 

120 min 

 

Hence, when exposed to UV light, ZnO can absorb photons 

and generate electron-hole pairs, which can then react with oxygen 

molecules to produce superoxide radicals  (O2
-●

) and hydroxyl 

radicals (OH•) through the following equations (4.7- 4.13) [67,68]: 

 

                          (4.7) 

                      (4.8) 

   
       

        (4.9) 

  
               (4.10) 

       
            (4.11) 

        
        •    (4.12) 

           •     (4.13) 

 

Hydroxyl radicals (OH•) formed in the equations above will 

attack 4-NP, producing organic radicals or other intermediates. NO2 

is formed and subsequently oxidized to NO3 [69].  
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Ultimately, all parent compounds and intermediates will be 

oxidized into CO2 according to the following equation (4.14): 

 

                               (4.14) 

 

 lternative authors propose that the breakdown of OH• and 

aromatic molecules occurs through electrophilic addition instead. 

When 4-NP is present, ortho OH• has the ability to generate 4-

nitrocatechol (4-NC).  

 

Scheme 4.1 illustrates a suggested sequence of reactions for 

the photooxidative deterioration of 4-NP. The combination of 4-NC 

and OH•, results in the production of 1, ,4-benzenetriol (1,2,4-BT). 

Subsequent reactions of primary intermediates with OH• lead to ring 

opening, the formation of oxygenated aliphatic compounds, and the 

generation of mineralization products. Hydroquinone (HQ), can be 

formed when OH• directly attacks the nitro group position.  

 

Similar to 4-NC, H  reacts with OH• to yield 1, ,4-BT. The 

degradation of 4-NP, leading to the generation of 4-NC and HQ, and 

its subsequent reaction with OH• to produce 1, ,4-BT, exhibits 

resemblances to the degradation pathway proposed for the UV/TiO2 

photocatalytic degradation of 4-NP [70,71]. 
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Scheme 4.1 Proposed reaction mechanisms of the 4-NP degradation of by hydroxyl radicals 

(OH•). 

 

To investigate the stability and reusability of the as-prepared 

ZnO thin films as photocatalysts, they underwent four photocatalytic 

cycles (Figure. 4.7(a)). 

 

Figure 4.7 (A) Reusability of the thin films in the photocatalytic degradation of 4-NP under 

UV light irradiation after a total of four cycles, and (b) a bar graph illustrating the 

percentage of degradation efficiency over four cycles. 

 

In fact, high 4-NP degradation values are still observed after 

four cycles (90%), as indicated by the bar chart presented in Figure. 

4.7(b).  
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One of the possible explanations for this low decline is due to 

the adsorption of 4-NP into the active centres of the photocatalyst, 

which results in a slight reduction in degradation efficiency. 

Moreover, in order to evaluate the stability of the transparent ZnO 

thin films, they were immersed in different aqueous solutions at pH 

1, 7 and 14 for 24h. The presence of Zn
2+

 ions has been measured by 

ICP-MS in accordance with the ISO 11885 internal methodology 

(Table 4.2).  

 

The amount of Zn
2+

 in the supernatant solutions was 0.403 

μg/L, which indicates the high stability of the transparent ZnO thin 

films in an aqueous medium. However, thin film would leach out and 

be dissolved in the reaction medium when the pH is below 6 due to 

the HCl, which is able to dissolve the zinc oxide [72]. The high 

stability of these thin films can be explained by the high adhesion to 

the glass substrate due to the synthesis method used as well as the 

high chemical resistance of ZnO [73]. 

 

Table 4.2 ICP-OES results of the amount of zinc leached after the leaching screen 

experiments 

pH = 1 

Parameters Test method Analytical 

technique 

Result Units 

Zn Internal method based on  

ISO 11885 

ICP-OES 4826 μg/  

pH = 7 

Zn Internal method based on  

ISO 11885 

ICP-OES < 1 μg/  

pH = 14 

Zn Internal method based on  

ISO 11885 

ICP-OES < 1 μg/  
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4.2.8. Antibacterial activity of transparent ZnO thin films 

 

The antibacterial activity of thin ZnO films was tested, after 

UV irradiation for 3h, using a standard method (JIS Z 2801_2000) 

developed for hard surfaces, such as glass. Glass samples were used 

as reference samples. Also, to evaluate the effect of UV irradiation, 

tests were conducted under UV light and in the dark, for the same 

testing time.  

 

After counting the viable cells that were recovered from the 

surface of the samples, the antibacterial rates were calculated. 

Results are presented in Figure. 4.8. First, glass and ZnO thin films 

were compared for any possible antibacterial effect in the dark. 

Bacterial counts obtained for the two types of samples showed no 

significantly different antibacterial properties (Figure. 4.8.A). 

However, after testing the presence of UV light, a significant 

reduction in cell viability was observed for both samples (Figure. 

4.8.A).  

 

The samples, however, showed significantly different 

behaviours, with a 43.7 and 60.6% reduction in bacterial cells for 

glass and ZnO thin film, respectively. Results overall show that, 

when compared with glass surfaces, ZnO thin films make a 

significant addition to the antibacterial effect induced by UV 

irradiation of about 17% (Fig. 4.8.B). 
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ZnO nanoparticles in general are described has posing 

noticeable antibacterial activities [74]. This activity is thought to be 

caused by the production of ROS, particularly in the presence of 

light. Also, other effects are possible, like causing membrane damage 

by accumulation on the cell´s surface, by cell internalization or 

through Zn
+
 ion release [75].  

 

In this work, thin films produced are not expected to release 

Zn
+
 ions. Possible mechanism of antibacterial action must therefore 

come from ROS generation and cell membrane damage, through 

ZnO thin film contact. The fact that no significant differences were 

found between glass and thin films, under dark conditions, may 

imply that, considering the experiment conditions, cell membrane 

damage and ROS generation were not effective.  

Figure 4.8 Antibacterial evaluation of ZnO thin films: (A) Results of colony-forming units 

per millilitre (CFU/mL) in each sample tested. The significance of the results was 

determined using one-way ANOVA followed by Tukey's test for multiple comparisons. (B) 

Antibacterial rates (R) obtained for ZnO thin films compared to glass under UV light and to 

ZnO samples under dark and UV light. 
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But, when testing the same samples after UV exposure, 

bacterial reduction was observed in both, but significantly greater in 

thin films. For glass samples, the reduction observed must be due to 

UV induced damages in membranes, proteins and DNA that affect 

general cellular processes [76].  

 

The augmented antibacterial activity seen for ZnO thin films 

can be explained by the combined action with UV causing enhanced 

ROS generation, toxic to the cells. Synergistic effects to enhance 

photocatalytic activity of ZnO have already been reported [74]. To 

the best of our knowledge this is the first evidence obtained on ZnO 

transparent films holding strong promises of future applications, 

where additional antimicrobial properties are desired. 

 

4.3. Conclusion 

This work presents a simple method of obtaining transparent 

ZnO thin films on glass, exhibiting an exceptional degree of 

transparency – over 95%. These thin films have been fabricated to 

act as photocatalysts for the degradation of water pollutants and 

bacteria. 

 

It is observed that their stability of these thin films is very 

high in neutral and basic aqueous media, thanks to the high adhesion 

of these films to the glass and the high chemical stability of ZnO. It 

has been shown that these films can generate hydroxyl radicals 

(OH•) when they are exposed to U  irradiation.  
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The thin films exhibited high photocatalytic activity with 

94% of 4-NP degraded after 270 min. The same catalyst was used for 

4 degradation cycles maintaining an activity of 90%  in the 

photodegradation of 4-NP. Comparing the reduction produced by a 

UV lamp when irradiating normal functionalized glass with these 

transparent ZnO layers, it was also discovered that radicals increase 

bacterial cell reduction by 17%. 

 

 In future investigations, the evaluation of incorporating 

nanoparticles (NPs) onto the surface of these transparent thin films, 

along with the assessment of the films' photocatalytic activity under 

different light sources (such as visible light or sunlight), can be 

considered. 
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“We stand on the threshold that offers exciting opportunities to 

solve problems that once seemed unsolvable” 
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Abstract: Transparent TiO2 thin films coated with Ag NPs were 

synthesized using two industrially applicable techniques,pulsed 

laser ablation (PLAL) and spray pyrolysis without using high 

vacuum. These transparent thin films were deposited on glass in 

order to generate glass materials with photocatalytic and 

antimicrobial properties and a minimum loss of transparency. The 

structural, morphological and optical properties of the thin films 

were examined using Grazing incidence X-ray diffraction 

(GIXRD), Raman spectroscopy, Scanning electron microscopy 

(SEM) and ultraviolet-visible spectroscopy. Transmission electron 

microscopy (TEM) was used to identify the NPs on the TiO2 

surface. The transmittance value for the thin films was greater than 

80%. The thin films thus synthesized were then assessed to 

determine their photocatalytic capacity by monitoring the 

degradation of Rhodamine B (RhB) under UV light irradiation. Ag 

NPs on the TiO2 surface ensures an improvement in the 

photocatalytic properties, with a 99% degradation of RhB in 210 

minutes under UV light. In addition, these transparent thin films 

showed high antimicrobial activity on Gram-negative bacteria when 

irradiated by UV light for 4 hours, killing 93% of these bacteria.   
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5.1. Introdution 

 
Over the past few years, the interest in thin film technology 

has grown greatly due to its wide range of applications such as 

photovoltaic solar cells [1], gas sensors [2], energy storage [3], 

heterogeneous photocatalysis for water splitting processes [4] or 

antimicrobial action [5].  

 

In addition, as a consequence of the COVID-19 pandemic, 

the development of antivirus and antimicrobial materials has become 

increasingly relevant all over the world. Accordingly, the possibility 

of being able to functionalize diverse types of surfaces without 

changing their optical properties has become a priority. There are 

many methods to obtain thin films including electroplating [6], 

anodic treatment [7], chemical vapor deposition (CVD) [8], atomic 

layer deposition (ALD) , or spin coating [9].  

 

All of them are difficult to adapt to industry due to the fact 

that they are techniques that need a high vacuum or are technically 

very sophisticated. The spray pyrolysis method is the most readily 

applicable to industry because it offers an easy way to make films 

with any material in any quantity by simply adding it to the spray 

precursor solution.  

 

Moreover, it does  not need a vacuum to be applied or 

eminence targets and quality substrates, which could be a fine 

advantage if the method is to be scaled up [10].  
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One of the most widely studied materials in thin films is 

titanium oxide (TiO2) because it shows tunable behavior depending 

on the preparation method used [11]. By changing the preparation 

conditions, distinct structural polymorphs and different degrees of 

crystallinity [12] or amorphousness [13] can be obtained.  

 

When it is in its crystalline form, the crystal size take on 

special importance, and even more so if photocatalysis is being 

studied. On the other hand, the different polymorphic phases of TiO2 

(rutile, anatase) are of great importance in the application of the 

material. The anatase-rutile transition occurs at high temperatures 

(600ºC-700ºC). The absorption in the diverse phases is different, and 

hence the value of the band gap for anatase is 3.2-3.9 eV [14] and the 

value of the band gap for the rutile phase is 3.0-3.57 eV [15].  

 

However, the anatase phase only absorbs in the ultraviolet 

spectrum (UV), and thus strategies to red-shift the absorbance range 

have been explored, namely by varying the morphology of the 

crystals [16], introducing transition metals as dopants [17] or 

generating nanocomposites [18].  

 

In this context, the binding of metal nanoparticles to 

semiconductors such as ZnO or TiO2 to form Schottky Barriers due 

to the excellent photoelectric response it exhibited has already been 

reported by other authors [19,20]. Furthermore, Ag is a well-known 

antimicrobial agent and consequently its presence on the surface of 

thin films of metal oxides improves the antimicrobial activity [21]. 
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 Although there are many protocols available for nanoparticle 

synthesis, Pulsed Laser Ablation in Liquids (PLAL) was selected due 

to the simplicity of the technique [22–24]. In PLAL, the interaction 

of the laser radiation with a target immersed in a liquid promotes the 

extraction of material from the surface of the target through the 

formation of nanoparticles that are collected in the liquid as colloids.  

 

The technique allows synthesis of nanoparticles from a broad 

library of available materials and provides nanomaterials with a high 

degree of purity, since only the solvent and desired material are 

required, thereby avoiding the presence and generation of toxic or 

hazardous adducts and byproducts, and providing electrostatically 

stabilized colloids for noble metals.  

 

In the framework of the cost-effective and green development 

of nanotechnologies this synthesis route provides key advantages, 

such as as running at room temperature and ambient pressure [25] 

and a high production (grams per hour) compatible with industrial 

applications [26].  

 

Moreover, different techniques have been adopted to adapt 

the beam delivery system to improve the efficiency of the process 

[27,28].  

 

 dditionally, to the best of the authors’ knowledge the 

combination of these two techniques for the formation of transparent 

layers with nanoparticles has not been previously reported.   
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In this work, a facile synthesis method was used to prepare 

transparent TiO2 and TiO2-Ag NPs thin films where Ag NPs were 

placed on the surface of TiO2 thin films with the aim of improving 

the photocatalytic and antimicrobial properties. 

 

5.2. Experimental section 

5.2.1 Materials 

 

Titanium(IV) bis(acetylacetonate) diisopropoxide 

([(CH3)2CHO]2Ti(C5H7O2)2 75 wt. % in isopropanol, Sigma-

Aldrich), ethanol (EtOH, Scharlau), Ammonia 30% (w/w) (NH3, 

PanReactAppliChem) and deionized water with pH of 6.9 ± 0.2. 

 

The dye (purchased through Fraga Lab, Mexico) used to test 

the photocatalytic activity of the TiO2 was Rhodamine B (RhB), with 

an Mw of 479.01 g/mol, and a purity of 95%.  

 

Milli-  deionized water with a resistivity of 18.  MΩ-cm 

(Ultramatic Plus, Wasserlab, Spain) and ultrapure silver foil (Silver, 

Aldrich Chemistry) were used for colloid synthesis. 

 

 Tert-butyl alcohol (t-BuOH), formic acid (HCOOH) and 1,4-

Benzoquinone (C6H4O2) (99%, purity) were acquired from Sigma-

Aldrich.The dye (purchased through Fraga Lab, Mexico) used to test 

the photocatalytic activity of the TiO2 was Rhodamine B (RhB), with 

an Mw of 479.01 g/mol, and a purity of 95%.  
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Milli-Q deionized water with a resistivity of 18.2 MΩ-cm 

(Ultramatic Plus, Wasserlab, Spain) and ultrapure silver foil (Silver, 

Aldrich Chemistry) were used for colloid synthesis. Tert-butyl 

alcohol (t-BuOH), formic acid (HCOOH) and 1,4-Benzoquinone 

(C6H4O2) (99%, purity) were acquired from Sigma-Aldrich.  

 

5.2.2 Methods 

The crystalline structure of transparent thin films composed 

of TiO2 and TiO2-Ag NPs was studied using Grazing incidence X-

ray diffraction (GIXRD) measurements. An X-ray diffractometer 

(D4 Endeavor, Burker-ASX) armed with a Cu Kα radiation source 

was used. Data were obtained by step-scanning from 20º to 80º with 

a step size of 0.05º 2θ and 3s counting time per step.  

 

The measurements were accomplished at a grazing-incident 

angle greater than the so-called critical angle for total external 

reflection at which X-rays penetrate the sample. The critical angle 

(around 1º) was determined through testing.  

 

Scanning Electron Microscopy (SEM), performed on JEOL 

7001F equipment, was engaged to study the surface, the sectional 

morphology and the thickness of the films. SEM-EDS mappings 

were recorded at an acceleration voltage of 12 kV and a moderate 

beam current of 0.8 nA. Spectra were recorded at a step size of 0.3 

μm and a low dwell time of 0.3 msec using drift correction. The 

software package Aztec 4.3 (Oxford Instruments, UK) was used to 

record the EDS analyses. 
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 The layer thickness was determined from cross-section 

micrographs. Transmission electron microscopy (TEM) was 

performed using a Hitachi H-9000 TEM microscope (Chiyoda, 

Tokyo, Japan) carried out at an accelerating voltage of 300 kV.  

 

The thin layer was removed with a micro-blade and then 

dispersed in EtOH. A drop (10 µL) of a suspension of the removed 

thin film dispersed in ethanol was placed on a copper grid with a 

lacey amorphous carbon film and left to dry before TEM analysis.  

 

Raman studies were conducted using a combined Raman–

AFM-SNOM confocal microscope WiTec alpha300 RAS + with an 

Nd:YAG laser operating at 532 nm (35 mW) and a He:Ne laser 

operating at 633 nm (25 mW) as excitation sources.  

 

Ultraviolet-visible diffuse reflectance spectroscopy (DRS) 

was measured using a UV-Vis spectrophotometer (JASCO U-560 

UV-Vis spectrophotometer).  

 

Fourier transform infrared (FTIR) spectra of the particles 

were measured in the solid state. The spectra of the materials were 

collected using a Bruker Optics Tensor 27 spectrometer coupled to a 

horizontal attenuated total reflectance (ATR) cell using 256 scans at 

a resolution of 4 cm
-1

. For the photocatalyst leaching study an ICP-

OES Jobin Yvon Activa M was used. 
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5.2.3 Synthesis of transparent TiO2-Ag NPs thin films.  

 

Synthesis of transparent TiO2 thin films: 2.6 mL of titanium 

(IV) bis(acetylacetonate) diisopropoxide (75 w.t % in isopropanol) 

was mixed with 20 mL of EtOH. This mixture of precursors was 

agited for 1h to ensure the homogeneity of the solution. The 

concentration of the final solution was 0.2 M.  

 

After mixing for 30 min the solution was applied by hand 

using a dual action gravity feed airbrush with a flow rate of 5.75 

mL/min was used to apply the solution onto a soda-lime glass 

substrate (Figure.S1) previously heated to 450ºC.  

 

Prior to heating, it was cleaned by introducing the glass into a 

30% (w/w) NH3 solution and placing them in an ultrasonic bath for 

20 min.  

 

The thin films thus deposited were then heated to 550ºC 

under atmospheric pressure on a hot plate to increase their 

crystallinity and remove any organic residue from the transparent 

thin film. 

 

Synthesis of Ag NPs: Colloidal NPs were synthesized using 

the PLAL technique [23,24]. The experimental setup is shown in 

Figure. S1 and it is based on a home made semi-batch configuration. 

The main elements are the pulsed laser, the irradiation zone, and the 

peristaltic pump.  
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The laser irradiation was carried out using the second 

harmonic of an Nd:YAG pulsed laser (Brilliant, Quantel), with a 

pulse width of 4 ns full width at half maximum at a fundamental 

wavelength of 1064 nm and a repetition rate of 10 Hz. 

 

 A 650 mW mean power laser beam is focused with a 75 mm 

focal lens (Figure.S2). The irradiation zone is formed by a plastic 

vessel containing Milli-Q water in which the ultrapure silver foil was 

immersed. The vessel was attached to a two-dimensional motion-

controlled stage moving at a constant speed of   .5 mm/s in the focus 

plane perpendicular to the laser beam, where the silver foil was 

placed, in a raster scanning pattern. 

 

 To remove nanoparticles and bubbles from the ablation area, 

and thus enhance productivity, a peristaltic pump (Watson Marlow 

323) was used at 60 rpm for the circulation of the 350 mL of water. 

The irradiation time was of 4 hours. This process allowed us to 

obtain a productivity of 3.1 mg/h. After the fabrication, the 

concentration of the silver colloid was measured by means of a UV-

Vis spectroscopy [29] providing a concentration of 11.52 mg/L, 

which is optimal for use on transparent TiO2 thin films. 

 

In the fabrication of transparent TiO2-Ag NPs thin films, a 

physical assembly was applied to load Ag NPs onto TiO2 thin films. 

2 mL of the water solution of Ag NPs was mixed with 15 mL of 

EtOH. After mixing the solution for 30 min, it was applied by 

airbrush. In order to calculate the stabilisation of the Ag NPs, the 

Zeta Potential technique was used.  
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The Zeta Potential and the stability of Ag NPs vary 

depending on the pH of the solution where the colloid is prepared. In 

this case, for a water solution with a pH of 6.9, the ±30 m  is an 

important limit for the colloid stability [30]. As can be seen in 

Figure.S3, the maximum value obtained by this technique was -31.2 

mV.  

 

This value exceeds the limit established to determine the 

stability of the NPs. This allows us to ensure that the stability of the 

Ag NPs colloid is correct. The flow rate was 5.75 mL/min on a soda-

lime glass substrate (2.5 × 2.5 cm) previously heated to 250ºC to 

remove the dispersant and improve the adhesion of NPs on the TiO2 

thin film. The appearance of the transparent TiO2 and TiO2-Ag NPs 

thin films are shown in Figure.S4. The total amount of silver on the 

surface of the film was 0.0251 mg. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Formation process of transparent TiO2-Ag NPs thin films on 

soda-lime glass. 
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5.2.4 Photocatalytic screening experiments 

 

The RhB photodegradation experiments were performed 

under illumination using UV light illumination to evaluate the 

photocatalytic properties of the transparent thin film samples. The 

prepared thin films (2.5 × 2.5 cm) were immersed in a glass reactor 

with a 30 mL RhB solution (5 mg/L) and stirred in the dark for 30 

min to ensure an dsorption/desorption equilibrium was 

accomplished.  

 

The samples were then placed under UV light lamp 

(SUPRATECH HTC 150-211 UV, Osram) with a power of 22W for 

the UVA wavelength (315-400 nm) and 6W for the UVB wavelength 

(280-315 nm).  

 

Nominal power was 150W and light intensity is 0.105 

W/cm
2
. The experimental set-up of the photocatalysis is shown in 

Figure.S5. Measurements of the degradation of pollutants exposed to 

UV light were analyzed every 10 min for the first 30 min and every 

30 min afterwards, and the concentration of RhB was monitored by 

UV-Vis spectroscopy at 554 nm, using the following equation (5.1): 

 

      (  
  

  
)          (5.1) 

 

where C0 represents the initial RhB concentration and Ct 

refers to the real time concentrations of RhB, respectively. 
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The reusability test of the transparent TiO2 and TiO2-Ag NPs 

thin film catalyst was investigated, despite the possibility of the thin 

film being separated from the glass or leaching of the material into 

the RhB solution to be photodegraded.  

 

For this purpose, the same photodegradation study was carry 

out with the 5 mg/L solution of RhB using the same catalyst for four 

and its degradation efficiency (%) was studied. 

 

5.2.5 In situ capture experiment 

 

In situ capture experiments were carried out to investigate the 

active species generated during the photocatalytic process of TiO2 

and TiO2-Ag NPs. Tert-butyl alcohol (t-BuOH), formic acid (FA), 

and 1,4-Benzoquinone (1,4-BQ) were used to capture hydroxyl 

radicals (OH•), holes (h
+
) and superoxide radicals (O2

-●
), 

respectively [19,20]. The concentration of the formic acid, 2,4-

benzoquinone and tert-butyl alcohol were 1mmol L
-1

 in 30 mL 

reaction solution.   

 

5.2.6 Determination of antibacterial activity  

 

The antibacterial activity of the transparent TiO2 and TiO2-

Ag NPs thin films was evaluated in accordance with the standard 

method test Jisz 2801_2000, with modifications. Escherichia coli 

ATCC 25922 was used as the reference bacterial strain.  
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Fresh bacterial cells were grown overnight at 37ºC in LB 

(Luria broth) culture media. A cell suspension (100µl) of 

approximately 4×105 cells/mL was placed over each sample and 

carefully covered with a film.  

 

Reference samples were glass, and TiO2 treated samples. 

Samples were then placed under UV light, with an intensity of  0.05 

mW/cm
2
 for 4 hours and viable bacterial cells were quantified by the 

spread plate method. Two samples of each were tested and three 

plates were prepared for bacterial counts.  

 

Also, as a reference, cell suspension was placed over glass 

sample, covered with film, and immediately retrieved and plated 

using the same bacterial cell counts. 

 

 Plates were incubated for 16h at 37ºC and colony forming 

units (CFU) counted.The antibacterial rate (R) was calculated 

according to equation (5.2): 

 

                      (5.2) 

 

where N0 represents the average number of viable bacteria on 

a reference sample, and N is the average number of bacteria on 

samples treated with TiO2-Ag NPs. 
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5.3. Results and discussion 

5.3.1 Characterization of transparent TiO2-Ag NPs thin films 

 

GIXRD analyses of TiO2 and TiO2-Ag NPs are shown in 

Figure.  . The  θ values at  5.3, 48.0, 5 .8, 55.0, 6 .6, and 75.0⁰ are 

those of the crystalline planes (101), (200), (105), (211), (204) and 

(215) of the anatase polymorph, based on the file 01-071-1166 of the 

JCPDS [31,32].  

 

Moreover, the peak observed at 44.3⁰ represents to the Ag 

cubic crystalline phase associated with the crystalline plane (200) 

based on the file 03-065-2871 of the JCPDS.  

 

The peaks corresponding to the silver oxide are also observed 

at 32.1⁰ and 53.8⁰, corresponding to the (111) and (220) crystalline 

planes, based on the file 01-076-1489 of the JCPDS. The partial 

oxidation of some of the Ag NPs is due to the temperature of the 

substrate when deposited onto the TiO2 thin films [33].  

 

The GIXRD results showed that the bulk structure of the 

anatase was not affected by the Ag NPs, since they were located only 

on its TiO2 surface [34].  
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Figure. 5.3(a) and Figure. 5.3(b) show cross-section images 

of the transparent TiO2 and TiO2 Ag NPs thin films. The thickness is 

the same in both cases, i.e, around 300 nm.  

 

The layers formed in them are compact and dense. Figure. 

5.3(c) shows the top surface texture of the TiO2 films, revealing their 

continuity.  

 

Figure. 5.3(d) shows EDS spectra for the TiO2 thin films as 

well as the composition of the glass on which they are deposited. 

Elements from the soda-lime glass substrate (Si,Ca,Mg) were also 

detected. 

 

 

 

 

 

 

Figure 5.2 GIXRD pattern of transparent TiO2 and TiO2-Ag NPs 

thin films 
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The TEM images clearly show that the the Ag NPs have been 

successfully deposited on the transparent TiO2 thin films. Figure. 

5.4(a) shows conventional TEM images of the NPs obtained by the 

nanosecond laser before deposition on the TiO2 thin film. 

 

 Figure. 5.4(b) shows the size distribution of the Ag NPs, 

resulting in a mean size dispersion value of about 10 nm. In Figure. 

5.4(c), we can observe in TEM-SE mode the morphology of the layer 

once it has been removed from the glass substrate, as well as the 

great homogeneity and continuity throughout it.  

 

 

Figure 5.3  SEM images for the cross section of( a) TiO2 transparent thin films, (b) TiO2-Ag 

NPs, (c) top surface of TiO2, and (d) EDS spectra for the surface of TiO2. 
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Figure. 5.4(d) shows the deposition of the Ag NPs on the 

TiO2 thin film without affecting the macrophology of the NPs, which 

remain mainly spherical, and the agglomeration can also be observed 

once they adhere to the TiO2 surface. 

 

 

 

 

Figure 5.4 (a) Conventional TEM image of the Ag NPs before deposition,(b) size distribution of 

the Ag NPs (c) TEM-SE image of the transparent TiO2-Ag NPs thin film, (d) Conventional TEM 

image of the transparent TiO2-Ag NPs thin film and (e) EDS spectra of the surface of TiO2 and (f) 

EDS spectra of the Ag NPs on the surface of TiO2. 
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Figure. 5.4(f) show the corresponding EDS spectra for the 

areas where only Ag NPs are present and the area where only the 

TiO2 layer is present. The Cu and C that appear in the spectrum 

come from the grids where the material to be analyzed has been 

deposited. 

 

Raman spectroscopy was utilized to further study the 

structure of the transparent thin films. The Raman spectra of the 

samples confirmed anatase as the only TiO2 phase present in the 

surfaces of the thin films’. 

 

 The normalized (over the most intense band at approx. 138 

cm
−1

) average spectra of the particular clusters are presented in 

Figure. 5.5.  

 
Fig. 5.5 Raman average spectra of the TiO2 and TiO2-Ag NPs transparent thin films.  
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While detailed assignments of the bands are shown in Table 

5.1.  

Table 5.1 Raman spectra of thin film TiO2 and TiO2-Ag NPs normalized to the most intense 

peak (144 cm-1). 

 

 

 

 

 

 

 

 

5.3.2 Optical spectral properties of TiO2 and TiO2- Ag NPs 

transparent thin films 

 

The results of the optical properties of the  transparent thin 

films were characterized using UV-Vis absorption spectroscopy. As 

shown in Figure. 5.6(a), the thin films have a high transmittance of 

up to 85% in the case of TiO2 and 80% when loaded with Ag NPs. 

 

The oscillations observed in the transmittance spectrum are 

due to interferences between the interface of the glass with the thin 

film and the thin film with the air [36].  

 

Figure. 5.6(b) shows the absorption spectra for the 

transparent TiO2 and TiO2-Ag thin films with the maximum 

absorption occurring in the UV. Bandgap values for each film were 

also obtained,from the transmittance results (see Figure. 5(c)).  

 

 

Band 

Mode  
Eg Eg B1g A1g + B1g Eg 

     Raman shift (cm
-1

) 

TiO2 138 190 393 509 635 

TiO2-Ag NPs 

 

144 

 

196 398 520 637 

TiO2 

(Anatase) [34] 
144 197 399 519 639 
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To do so, first, the absorption coefficient (α) values were 

calculated using  ambert’s  aw as the following equation (3) [37]:

  

 

   
 

 
   (

 

 
)        (5.3) 

 

where T is the transmittance, and t is the film thickness. An 

optical bandgap of thin films was estimated using equation (4) by the 

extrapolation of (αhν)
2
 vs. hν. 

 

      (     )
 

       (5.4) 

 

where A is a constant, hv is the photon energy, and Eg is the 

optical bandgap.  

 

The optical bandgap of transparent TiO2 and TiO2-Ag NPs 

thin films was determined by extrapolating the region of the plot to 

the energy axis where α
2
 = 0, and was found to have a value of 2.  

 

The band gap value for the TiO2 thin films was 3.758 eV, 

whereas for the TiO2-Ag NPs it showed a small decrease with a band 

gap value of 3.708 eV. 
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This small variation was due to the fact that the NPs were on 

the surface of the TiO2 thin film and not inserted/doped into the TiO2 

structure, where considerable changes in the band gap value should 

be expected [38]. Moreover, this variation may also be due to 

changes in grain size, a specific surface area or the microstructure of 

the thin films [39]. Thickness is also a variable but in this case both 

TiO2 and TiO2-Ag thin films had very similar thicknesses. 

 

 

 

Figure 5.6 (a) The transmittance, (b) the absorbance and (c) the optical 

band gap of transparent TiO2 and TiO2-Ag NPs thin films. 
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5.3.3 Applications of transparent TiO2 and TiO2- Ag NPs thin 

films 

Compared to other transparent thin films, TiO2-Ag NPs show 

very high optical properties. By taking advantage of other thin film 

layers, several applications including photocatalysis and 

antimicrobial surfaces were performed with TiO2-Ag NPs. 

 

5.3.4. Photocatalytic degradation of RhB 

 

The photocatalytic activity of the thin films was assessed 

initially by monitoring the degradation of RhB solutions irradiated 

with UV light. A series of experiments were then conduced to 

evaluate the photocatalytic degradation of transparent TiO2 and 

TiO2-Ag NPs thin films. First, the photodegradation of RhB in the 

absence of the thin films was evaluated in two control assays: (i) 

under UV-light radiation, and (ii) under UV-light irradiation and the 

presence of a glass substrate.  

 

The results showed that 16% and 15.6% of RhB were 

degraded after 330 minutes in the blank experiments (i) and (ii), 

respectively (Figure.S7). Moreover, the capacity of thin films to 

adsorb RhB molecules was also evaluated, using  TiO2 and TiO2-Ag 

NPs thin films under dark conditions.  

 

It was found that a very low amount of RhB was adsorbed on 

the surface of the thin films (about 14%) (Figure.S6), reaching the 

maximum plateau at 30 minutes.  
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The total weight was 0.9 mg for both TiO2 and TiO2-Ag NPs 

thin films. In addition, the amount of catalyst was much smaller than 

similar work published in the literature [40,41]. UV-Vis absorption 

spectra of RhB dye degradation using TiO2 are shown in Figure.S8.  

 

The thin films of TiO2 degraded 85.3% in 210 minutes 

whereas TiO2-Ag NPs thin films were able to degrade 99.4% in the 

same time as shown in Fig.7(a). Fig. 7(b) also clearly shows the 

difference in photodegradation efficiency by representing the C/C0 

for the transparent of TiO2 and TiO2-Ag NPs thin films, together the 

experimental points obtained and the mathematical fit to an 

exponential.  

 

The calibration line used to obtain the concentration values is 

shown in Figure.S9. This difference in the photodegradation between 

TiO2 thin films and TiO2-Ag NPs is due to the fact that Ag NPs on 

the TiO2 surface cause an equilibrium of the Fermi energy level that 

leads to the bending of the semiconductor’s CB, thereby generating a 

Schottky junction.  

 

This in turn promotes the transfer of photo-excited electrons 

from the CB of TiO2 to Ag, thus preventing the recombination of 

electron-hole pairs (e
-
/h

+
) in the TiO2 matrix. These electrons can be 

combined with oxygen to generate the superoxide radicals, which 

can further combine with holes to yield higher hydroxyl radicals 

(than when it occurs only on the TiO2 surface) [42,43]. 
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The kinetics of RhB decontamination was performed using the 

expression presented in equation (5.5):  

 

     
   (

 

  
)

 
       (5.5) 

 

where kapp (min
−1

) represents the reaction rate constant in 

min
−1

 at time t (min).  

 

 

Figure 5.7  (a) UV-Vis absorption spectra of aqueous solutions of RhB (C0=5 mg/L) under 

UV-light irradiation in the presence of TiO2-Ag NPs thin films; (b) Photodegradation 

performance and (c) respective Curve of pseudo-first-order decay fitted linear regression, for 

RhB photodegradation in the presence of TiO2-Ag NPs and TiO2 thin films. 
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As can be seen in Figure. 5.7(c), when TiO2 thin film is in 

contact with Ag NPs the kinetic costant is twice as high as when the 

reaction takes place with TiO2 alone. 

 

 The value of the constant for the TiO2 is 9.01×10
-3

 while the 

value for the TiO2-Ag NPs thin films is 19.14×10
-3

 min
−1

.This 

kinetic constant value is much higher than the costant values 

obtained for the degradation of differents dye concentrations by 

different compounds also in thin films as shown in Table 5.2 [33-

36]. 

 

Table 5.2 Comparison of the transparent TiO2-Ag NPs thin films with other recent similar 

photocatalytic thin films under UV light 

Samples Dye concentration 

(mg/L) 

Removal Kapp (10
-3 

min
−1

) 

This work 5.0 RhB 99.7% after 

3.5h 

19.1 

Cu doped-ZnO [43] 3.2 Metylene Blue 

(MB) 

74.0 % after 

2h 

5.6 

TiO2 [44] 10.0 MB 53.06% after 

2h 

4.1 

0.05Fe2O3/TiO2 [45] 4.79 RhB 60% afte 5h  - 

Ag loaded TiO2-ZnO 

[46] 

10.0 MB 70% after 2 h 9.92 

 

As shown in Figure. 5.8(a), after adding tert-butyl alcohol to 

the reaction solution, the photocatalytic degradation rate of the RhB 

solution decreased from 99.70% to 55.8%.,while adding FA or 1,4-

BQ only decreased the degradation rate to 82.45% and 71.77% 

respectively. 
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 Figure. 5.8(b) shows a bar graph representing the 

photocatalytic degradation using each of the radical scavengers. 

Figure. 5.8(a) and 5.8(b) indicate that the holes (h+) make a limited 

contribution to RhB removal and also reveal that O
2-●

 played an 

insignificant role through the degradation process, thus confirming 

that OH• played a crucial role in the process. The schematic 

representation of the photo-generated charge transfer process in 

transparent TiO2-Ag NPs thin films under UV is illustrated in Figure. 

8(c) and Eqs. (5.6)–(5.14) [48–50]. 

 

                           (5.6) 

                  (5.7) 

   
       

       (5.8) 

  
              (5.9) 

       
           (5.10) 

        
        •    (5.11) 

           •     (5.12) 

           

         
     (5.13) 

          
          (5.14) 

 

This mechanism explains how, under UV irradiation, hole-

electron pairs are photogenerated in TiO2 thin film. The CB level of 

TiO2 is higher than the Fermi energy level of Ag NPs, so the 

photoexcited electrons from TiO2 are transferred to the Ag NPs, 

acting as electron scavengers for TiO2 [197].  
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In this way, the recombination of electrons and photoinduced 

holes is reduced and the lifetime is prolonged. This explains the 

results obtained, the photodegradation of RhB is much faster as the 

hydroxyl radical species have a longer lifetime due to the Ag NPs, 

thus achieving a faster photodegradation of the dye. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.8  Reaction kinetics of the photoreaction with various scavengers on 

TiO2-Ag NPs; (b) Degradation Efficiency (%) with various scavengers on 

TiO2-Ag NPs ;(c) The degradation mechanism of transparent TiO2-Ag NPs 

thin films. 
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In order to study the durability and reusability of these thin 

films as photocatalysts, they were subjected to cyclic tests, that were 

run four times. Figure. 5.9(a) shows the photocatalytic degeneration 

of RhB on these thin films after four cycles. After four cycles the 

TiO2-Ag NPs photocatalyst had only lost an efficiency from 99.77% 

to 87.16% as can be seen in the bar chart in Figure. 5.9(b).  

 

This decrease in efficiency is due to the fact that RhB is 

adsorbed after cycling on the active centers of the photocatalyst 

causing a slight decrease in degradation efficiency as can be seen in 

the FTIR spectra (Figure.S.10) where after four cycles we can see the 

characteristic bands of RhB (3385 cm
-1

, 2922 cm
-1

, 2850 cm
-1

 and 

1635 cm
-1

) on the photocatalyst.  

 

For the stability study of the photocatalyst, the possible 

presence of Ag and Ti was also measured during the photocatalysis 

tests in the RhB solution using an internal method based on ISO 

11885.  

The results obtained for 0, 210 and 300 minutes show that the 

amount of Ag and Ti was always below the detection limit of the 

technique (Table S.3), thus confirming that there was no leaching of 

metals into the RhB solution. 
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5.3.5 Antibacterial activity of transparent TiO2-Ag NPs thin films. 

 

The antibacterial activity of transparent TiO2-Ag NPs thin 

films was determined in accordance with standard tests JISZ 

2801_2000 after exposure to UV light for 4 hours. Glass, TiO2 and 

TiO2-Ag NPs samples were used as a reference and suspended Gram-

negative E. coli ATCC 25922 cells were placed on each sample. 

After counting viable cells recovered from the surface of the 

materials, antibacterial rates were calculated.  

Figure 5.9. Reusability of the transparent TiO2-Ag NPs thin films in the photocatalytic 

degradation of RhB under UV light irradiation after four cycles, and (b) bar graph of the 

percentage of degradation efficiency over four cycles. 



217 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results are presented in Figure. 5.10 and clearly show a 

strong antibacterial action of TiO2-Ag NPs, when compared with 

glass and with TiO2 samples,with values of 95.5% and 93.1%, 

respectively. Results are significantly different are marked with (*) 

in Figure. 10.  

 

The differences observed for both controls, glass and TiO2 

samples, are probably due to slightly different material performances 

in the complete recovery of treated bacterial cells form the surface of 

materials. These differences do not preclude the strong antibacterial 

action observed. 

 

 

 

Figure 5.10 Antibacterial assay of transparent TiO2-Ag NPs thin films (a) Results of 

colony forming units/mL (CFU/mL) in each sample tested. Significance (*) of the results 

was verified using one-way ANOVA then Sidak's multiple comparisons test was used to 

determine statistical significance. (b) Antibacterial rates (%) obtained for TiO2-Ag NPs 
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5.4. Conclusion 

 

Pure and TiO2-Ag NPs transparent thin films with Ag NPs 

synthesized by nanosecond laser, with excellent photocatalytic 

activities being obtained for the degradation of RhB using UV light 

for a very small amount of catalyst, maintaining a very high degree 

of glass transparency of more than 80%.  

 

Thanks to the Ag NPs, it was observed that the production of 

radicals (OH•) increased ,as did the lifetime, which made the 

degradation of the dye much faster and up to 99.7% of the dye could 

be degraded in 210 min. The removal efficiency for RhB reached 

99.7%, which was twice than that of pure TiO2.  

Furthermore, the reuse of the catalyst for four cycles was also 

studied, observing that the degradation efficiency decreased by 10%. 

These results are very interesting due to the fact that the catalyst is 

synthesized on glass by using methodologies, that are widely 

applicable in industry the result being a catalyst with a high 

degradation efficiency for pollutants and dyes such as RhB.  

 

Also, the films that were developed, after addition of Ag NPs 

to the surface, showed strong antibacterial activities, as measured 

using a gram-negative bacterium as reference strain. The reduction in 

the number of bacteria reached 93% after irradiation under UV-light 

for 4 hours.  
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Further research could measure the antimicrobial power of 

these transparent thin films by the addition of Ag NPs to the surface 

as well as the photocatalytic action of the films using different types 

of light (visible light or sunlight). 

 

 Additionally, the combination of these two techniques would 

allow an the easy synthesis of a multitude of compounds that can be 

functionalized with metal NPs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



220 

 

 

 

 5.5. References 

[1] C. Doroody, K.S. Rahman, T.S. Kiong, N. Amin, Optoelectrical 

impact of alternative window layer composition in CdTe thin film 

solar cells performance, Sol. Energy. 233 (2022) 523–530. 

https://doi.org/10.1016/j.solener.2022.01.049. 

 

[2] S. Tyagi, A. Kumar, A. Kumar, Y.K. Gautam, V. Kumar, Y. 

Kumar, B.P. Singh, Enhancement in the sensitivity and selectivity of 

Cu functionalized MoS2 nanoworm thin films for nitrogen dioxide 

gas sensor, Mater. Res. Bull. 150 (2022) 111784. 

https://doi.org/10.1016/j.materresbull.2022.111784. 

 

[3] P. Ni, B. Chen, X. Wei, Effects of annealing temperatures on 

energy storage performance of sol-gel derived (Ba0.95, Sr0.05) (Zr0.2, 

Ti0.8) O3 thin films, Ceram. Int. (2022). 

https://doi.org/10.1016/j.ceramint.2022.03.167. 

 

[4] S.A. Khalate, S.A. Kadam, Y.R. Ma, S.B. Kulkarni, V.G. Parale, 

U.M. Patil, Binder free cobalt iron phosphate thin films as efficient 

electrocatalysts for overall water splitting, J. Colloid Interface Sci. 

613 (2022) 720–732. https://doi.org/10.1016/j.jcis.2022.01.015. 

 

 

 

 

 

 

https://doi.org/10.1016/j.solener.2022.01.049
https://doi.org/10.1016/j.materresbull.2022.111784
https://doi.org/10.1016/j.ceramint.2022.03.167
https://doi.org/10.1016/j.jcis.2022.01.015


221 

 

 

 

[5] N. Kalangadan, A.S. Mary, R.H. Jyothi, S. Punniyakoti, S. 

Sundaresan, R.K. Alagarsamy, K. Rajaram, Characterization and 

antimicrobial evaluation of green synthesized silver nanoparticle thin 

films with reusable applications, Mater. Lett. 314 (2022) 131923. 

https://doi.org/10.1016/j.matlet.2022.131923. 

 

[6] S. Chen, T. Liang, N. Wen, F.H. Liu, C.C. Tsao, C.Y. Hsu, 

Electro-less plating nickel-phosphorus of low carbon steel using 

various pretreatments and an external magnetic field, J. Saudi Chem. 

Soc. 24 (2020) 704–714. https://doi.org/10.1016/j.jscs.2020.07.008. 

 

[7] A.C. Alves, F. Wenger, P. Ponthiaux, J.P. Celis, A.M. Pinto, L.A. 

Rocha, J.C.S. Fernandes, Corrosion mechanisms in titanium oxide-

based films produced by anodic treatment, Electrochim. Acta. 234 

(2017) 16–27. https://doi.org/10.1016/j.electacta.2017.03.011. 

 

[8] S.I. Dorovskikh, D.D. Klyamer, A.M. Makarenko, K. V. 

Zherikova,  .E. Turgambaeva,  .  . Shevtsov,  .B. Kal’nyi, I.K. 

Igumenov, N.B. Morozova, The comprehensive study of thermal 

properties of tris(2,2,6,6-tetramethyl-3,5-heptanedionato)cobalt(III) 

related to the chemical vapor deposition of Co-oxide based thin film 

materials, Vacuum. 199 (2022) 110969. 

https://doi.org/10.1016/j.vacuum.2022.110969. 

 

[9] N.R. Aswathy, J.J. Varghese, S.R. Nair, R.V. Kumar, Structural, 

optical, and magnetic properties of Mn-doped NiO thin films 

prepared by sol-gel spin coating, Mater. Chem. Phys. 282 (2022) 

125916. https://doi.org/10.1016/j.matchemphys.2022.125916. 

https://doi.org/10.1016/j.matlet.2022.131923
https://doi.org/10.1016/j.jscs.2020.07.008
https://doi.org/10.1016/j.electacta.2017.03.011
https://doi.org/10.1016/j.vacuum.2022.110969
https://doi.org/10.1016/j.matchemphys.2022.125916


222 

 

 

 

[10] K. Vijayan, S.P. Vijayachamundeeswari, K. Sivaperuman, 

N. Ahsan, T. Logu, Y. Okada, A review on advancements, 

challenges, and prospective of copper and non-copper based thin-

film solar cells using facile spray pyrolysis technique, Sol. Energy. 

234 (2022) 81–102. https://doi.org/10.1016/j.solener.2022.01.070. 

 

 [11] S. . Tepe, M.  anışman, N. Cansever, Crystallization of 

TiO2 on sputter deposited amorphous titanium thin films, Mater. 

Chem. Phys. 282 (2022). 

https://doi.org/10.1016/j.matchemphys.2022.125965. 

 

[12] C. Zhang, T. Uchikoshi, T. Ishigaki, Effect of crystalline 

orientation on photocatalytic performance for Nb-doped TiO2 

nanoparticles, Adv. Powder Technol. 32 (2021) 4149–4154. 

https://doi.org/10.1016/j.apt.2021.09.019. 

 

[13] R.S. Santiago, L.C.D. Silva, F.D. Origo, C. Stegemann, 

I.L. Graff, R.G. Delatorre, D.A. Duarte, Target power influence on 

optical and electrical properties of amorphous titanium oxide 

deposited by reactive grid-assisted magnetron sputtering, Thin Solid 

Films. 700 (2020). https://doi.org/10.1016/j.tsf.2020.137917. 

 

[14] S. Na-Phattalung, D.J. Harding, P. Pattanasattayavong, H. 

Kim, J. Lee, D.W. Hwang, T.D. Chung, J. Yu, Band gap narrowing 

of TiO2 nanoparticles: A passivated Co-doping approach for 

enhanced photocatalytic activity, J. Phys. Chem. Solids. 162 (2022) 

110503. https://doi.org/10.1016/j.jpcs.2021.110503. 

 

https://doi.org/10.1016/j.solener.2022.01.070
https://doi.org/10.1016/j.matchemphys.2022.125965
https://doi.org/10.1016/j.apt.2021.09.019
https://doi.org/10.1016/j.tsf.2020.137917
https://doi.org/10.1016/j.jpcs.2021.110503


223 

 

 

 

[15] M. Balamurugan, M. Silambarasan, S. Saravanan, T. 

Soga, Synthesis of anatase and rutile mixed phase titanium dioxide 

nanoparticles using simple solution combustion method, Phys. B 

Condens. Matter. 638 (2022) 413843. 

https://doi.org/10.1016/j.physb.2022.413843. 

 

[16] A.H. Shah, M.A. Rather, Effect of calcination temperature 

on the crystallite size, particle size and zeta potential of TiO2 

nanoparticles synthesized via polyol-mediated method, Mater. Today 

Proc. 44 (2021) 482–488. 

https://doi.org/10.1016/j.matpr.2020.10.199. 

 

[17] H. Peng, S. Xie, P. Niu, Z. Zhang, T. Yuan, Z. Ren, X. 

Wang, Y. Zhao, R. Li, Jornal Proof, J. Alloys Compd. (2020) 

158286. https://doi.org/10.1016/j.ijleo.2022.169231. 

 

[18] C. Pragathiswaran, C. Smitha, B.M. Abbubakkar, P. 

Govindhan, N.A. Krishnan, Synthesis and characterization of 

TiO2/ZnO-Ag nanocomposite for photocatalytic degradation of dyes 

and anti-microbial activity, Mater. Today Proc. 45 (2021) 3357–

3364. https://doi.org/10.1016/j.matpr.2020.12.664. 

 

[19] T. Liu, L. Wang, X. Lu, J. Fan, X. Cai, B. Gao, R. Miao, 

J. Wang, Y. Lv, Comparative study of the photocatalytic 

performance for the degradation of different dyes by ZnIn2S4: 

adsorption, active species, and pathways, RSC Adv 7 (2017) 12292–

12300. https://doi.org/10.1039/c7ra00199a 

 

https://doi.org/10.1016/j.physb.2022.413843
https://doi.org/10.1016/j.matpr.2020.10.199
https://doi.org/10.1016/j.ijleo.2022.169231
https://doi.org/10.1016/j.matpr.2020.12.664
https://doi.org/10.1039/c7ra00199a


224 

 

 

 

 [20] J.T. Schneider, D.S. Firak, R.R. Ribeiro, P. Peralta-

Zamora, Use of scavenger agents in heterogeneous photocatalysis: 

truths, half-truths, and misinterpretations, Phys. Chem. Chem. Phys. 

22 (2020) 15723–15733. https://doi.org/10.1039/d0cp02411b. 

 

[21] Y. Hou, A. Mushtaq, Z. Tang, E. Dempsey, Y. Wu, Y. Lu, 

C. Tian, J. Farheen, X. Kong, M.Z. Iqbal, ROS-responsive Ag-TiO2 

hybrid nanorods for enhanced photodynamic therapy of breast cancer 

and antimicrobial applications, J. Sci. Adv. Mater. Devices. 7 (2022) 

100417. https://doi.org/10.1016/j.jsamd.2022.100417. 

 

[22] S. Barcikowski, V. Amendola, G. Marzun, C. Rehbock, S. 

Reichenberger, D. Zhang, B. Gökce, Handbook of Laser Synthesis of 

Colloids, 2016. https://doi.org/10.17185/duepublico/41087. 

 

[23] R.C. Forsythe, C.P. Cox, M.K. Wilsey, A.M. Müller, 

Pulsed Laser in Liquids Made Nanomaterials for Catalysis, Chem. 

Rev. 121 (2021) 7568–7637. 

https://doi.org/10.1021/acs.chemrev.0c01069. 

 

[24] D. Zhang, B. Gökce, S. Barcikowski, Laser Synthesis and 

Processing of Colloids: Fundamentals and Applications, Chem. Rev. 

117 (2017) 3990–4103. 

https://doi.org/10.1021/acs.chemrev.6b00468. 

 

 

 

 

https://doi.org/10.1039/d0cp02411b
https://doi.org/10.1016/j.jsamd.2022.100417
https://doi.org/10.17185/duepublico/41087
https://doi.org/10.1021/acs.chemrev.0c01069
https://doi.org/10.1021/acs.chemrev.6b00468


225 

 

 

 

[25] V. Amendola, D. Amans, Y. Ishikawa, N. Koshizaki, G. 

Compagnini, S. Reichenberger, S. Barcikowski, Room-Temperature 

Laser Synthesis in Liquid of Oxide , Metal-Oxide Core-Shells , and 

Doped Oxide Nanoparticles, (n.d.). 

https://doi.org/10.1002/chem.202000686. 

 

[26] R. Streubel, S. Barcikowski, B. Gökce, Continuous 

multigram nanoparticle synthesis by high-power, high-repetition-rate 

ultrafast laser ablation in liquids, Opt. Lett. 41 (2016) 1486. 

https://doi.org/10.1364/ol.41.001486. 

 

[27] C. Don, R. Torres-mendieta, A. Pyatenko, E. Falomir, M. 

Ferna, M. Gladys, Fabrication by Laser Irradiation in a Continuous 

Flow Jet of Carbon Quantum Dots for Fluorescence Imaging, (2018). 

https://doi.org/10.1021/acsomega.7b02082. 

 

[28] C. Doñate-buendía, M. Fernández-alonso, J. Lancis, G. 

Mínguez-vega, Overcoming the barrier of nanoparticle production by 

femtosecond laser ablation in liquids using simultaneous spatial and 

temporal focusing, Photonics Res. 7 (2019) 1249. 

https://doi.org/10.1364/PRJ.7.001249. 

 

[29] M. Sikder, J.R. Lead, G.T. Chandler, M. Baalousha, 

Science of the Total Environment A rapid approach for measuring 

silver nanoparticle concentration and dissolution in seawater by UV 

–Vis, Sci. Total Environ. 618 (2018) 597–607. 

https://doi.org/10.1016/j.scitotenv.2017.04.055. 

 

https://doi.org/10.1002/chem.202000686
https://doi.org/10.1364/ol.41.001486
https://doi.org/10.1021/acsomega.7b02082
https://doi.org/10.1364/PRJ.7.001249
https://doi.org/10.1016/j.scitotenv.2017.04.055


226 

 

 

 

[30] C.V. Restrepo, C.C. Villa, Synthesis of silver 

nanoparticles, influence of capping agents, and dependence on size 

and shape: A review, Environ. Nanotechnology, Monit. Manag. 15 

(2021). https://doi.org/10.1016/j.enmm.2021.100428. 

 

[31] A.S. AlShammari, M.M. Halim, F.K. Yam, N.H.M. Kaus, 

Synthesis of Titanium Dioxide (TiO2)/Reduced Graphene Oxide 

(rGO) thin film composite by spray pyrolysis technique and its 

physical properties, Mater. Sci. Semicond. Process. 116 (2020) 

105140. https://doi.org/10.1016/j.mssp.2020.105140. 

 

[32] Xi Zhang, Mohammadreza Kamali, Timon Uleners, Jasper 

Symus, Siyu Zhang, Ze Liu, Maria Elisabete V. Costa, Lise Appels, 

Deirdre Cabooter, Raf Dewil,UV/TiO2/periodate system for the 

degradation of organic pollutants – Kinetics, mechanisms and 

toxicity study,Chemical Engineering Journal, 449, 

(2022),13768. https://doi.org/10.1016/j.cej.2022.137680. 

 

[33] N. Fleitas-Salazar, E. Silva-Campa, S. Pedroso-Santana, J. 

Tanori, M.R. Pedroza-Montero, R. Riera, Effect of temperature on 

the synthesis of silver nanoparticles with polyethylene glycol: new 

insights into the reduction mechanism, J. Nanoparticle Res. 19 

(2017). https://doi.org/10.1007/s11051-017-3780-3. 

 

[34] R. Lu, J. Sha, W. Xia, Y. Fang, L. Gu, Y. Wang, A 3D-

SERS substrate with high stability: Silicon nanowire arrays 

decorated by silver nanoparticles, CrystEngComm. 15 (2013) 6207. 

https://doi.org/10.1039/c3ce40788h. 

https://doi.org/10.1016/j.enmm.2021.100428
https://doi.org/10.1016/j.mssp.2020.105140
https://doi.org/10.1016/j.cej.2022.137680
https://doi.org/10.1007/s11051-017-3780-3
https://doi.org/10.1039/c3ce40788h


227 

 

 

 

[35] Lubas M, Jasinski JJ, Sitarz M, Kurpaska L, Podsiad P, 

Jasinski J. Raman spectroscopy of TiO2 thin films formed by hybrid 

treatment for biomedical applications. Spectrochim Acta A Mol 

Biomol Spectrosc. 2014 Dec 10;133:867-71. 

https://doi.org/10.1016/j.saa.2014.05.045. 

 

[36] D. Komaraiah, E. Radha, J. Sivakumar, M.V. Ramana 

Reddy, R. Sayanna, Structural, optical properties and photocatalytic 

activity of Fe
3+

 doped TiO2 thin films deposited by sol-gel spin 

coating, Surfaces and Interfaces. 17 (2019) 100368. 

https://doi.org/10.1016/j.surfin.2019.100368. 

 

[37] T. Ratana, P. Amornpitoksuk, T. Ratana, S. Suwanboon, 

The wide band gap of highly oriented nanocrystalline Al doped ZnO 

thin films from sol-gel dip coating,J.Alloys Compd. 470 (2009) 408–

412. https://doi.org/10.1016/j.jallcom.2008.02.081. 

 

[38] D. Komaraiah, E. Radha, J. Sivakumar, M. V. Ramana 

Reddy, R. Sayanna, Photoluminescence and photocatalytic activity 

of spin coated Ag
+
 doped anatase TiO2 thin films, Opt. Mater. 

(Amst). 108 (2020) 110401. 

https://doi.org/10.1016/j.optmat.2020.110401. 

 

[39] S. Ahadi, N.S. Moalej, S. Sheibani, Characteristics and 

photocatalytic  

behavior of Fe and Cu doped TiO2 prepared by combined sol-gel and 

mechanical alloying, Solid State Sci. 96 (2019) 105975. 

https://doi.org/10.1016/j.solidstatesciences.2019.105975. 

https://doi.org/10.1016/j.saa.2014.05.045
https://doi.org/10.1016/j.surfin.2019.100368
https://doi.org/10.1016/j.jallcom.2008.02.081
https://doi.org/10.1016/j.optmat.2020.110401
https://doi.org/10.1016/j.solidstatesciences.2019.105975


228 

 

 

 

[40] B. Xing, C. Shi, C. Zhang, G. Yi, L. Chen, H. Guo, G. 

Huang, J. Cao, Preparation of TiO2/Activated Carbon Composites 

for Photocatalytic Degradation of RhB under UV Light Irradiation, J. 

Nanomater. 2016 (2016). https://doi.org/10.1155/2016/8393648. 

 

[41] T. Wang, T. Tang, Y. Gao, Q. Chen, Z. Zhang, H. Bian, 

Hydrothermal preparation of Ag-TiO2-reduced graphene oxide 

ternary microspheres structure composite for enhancing 

photocatalytic activity, Phys. E Low-Dimensional Syst. 

Nanostructures.112(2019) 128–136. 

https://doi.org/10.1016/j.physe.2018.10.033. 

 

[42] D.S. Liu, J. Wu, Y. Wang, H. Ji, L. Gao, X. Tong, M. 

Usman, P. Yu, Z. Wang, Tailored performance of layered transition 

metal dichalcogenides via integration with low dimensional 

nanostructures, RSC Adv. 7 (2017) 11987–11997. 

https://doi.org/10.1039/c7ra01363a. 

 

[43] F. Mo, Q. Zhou, Y. He, Nano–Ag: Environmental 

applications and perspectives, Sci. Total Environ. 829 (2022) 

154644. https://doi.org/10.1016/j.scitotenv.2022.154644. 

 

[44] F.Z. Nouasria, D. Selloum, A. Henni, S. Tingry, J. Hrbac, 

Improvement of the photocatalytic performance of ZnO thin films in 

the UV and sunlight range by Cu doping and additional coupling 

with Cu2O, Ceram. Int. 48 (2022) 13283–13294. 

https://doi.org/10.1016/j.ceramint.2022.01.207. 

 

https://doi.org/10.1155/2016/8393648
https://doi.org/10.1016/j.physe.2018.10.033
https://doi.org/10.1039/c7ra01363a
https://doi.org/10.1016/j.scitotenv.2022.154644
https://doi.org/10.1016/j.ceramint.2022.01.207


229 

 

 

 

[45] A. Kumar, V.K. Saxena, R. Thangavel, B. Kumar, A dual 

effect of surface roughness and photocatalysis of crystalline TiO2 -

thin film for self-cleaning application on a photovoltaic covering 

glass, Mater. Chem. Phys. 289 (2022) 126427. 

https://doi.org/10.1016/j.matchemphys.2022.126427. 

 

[46] S. Wannapop, A. Somdee, T. Bovornratanaraks, 

Experimental study of thin film Fe2O3/TiO2 for photocatalytic 

Rhodamine B degradation, Inorg. Chem. Commun. 128 (2021) 

108585. https://doi.org/10.1016/j.inoche.2021.108585. 

 

[47] M. Pérez-González, S.A. Tomás, J. Santoyo-Salazar, S. 

Gallardo-Hernández, M.M. Tellez-Cruz, O. Solorza-Feria, Sol-gel 

synthesis of Ag-loaded TiO2-ZnO thin films with enhanced 

photocatalytic activity, J. Alloys Compd. 779 (2019) 908–917. 

https://doi.org/10.1016/j.jallcom.2018.11.302. 

 

[48] H. Liu, Y. Hu, Z. Zhang, X. Liu, H. Jia, B. Xu, Synthesis 

of spherical Ag/ZnO heterostructural composites with excellent 

photocatalytic activity under visible light and UV irradiation, Appl. 

Surf. Sci. 355 (2015) 644–652. 

https://doi.org/10.1016/j.apsusc.2015.07.012. 

 

[49] J. Zhang, J.K. Cha, G. Fu, E.J. Cho, H.S. Kim, S.H. Kim, 

Aerosol processing of Ag/TiO2 composite nanoparticles for 

enhanced photocatalytic water treatment under UV and visible light 

irradiation, Ceram. Int. 48 (2022) 9434–9441. 

https://doi.org/10.1016/j.ceramint.2021.12.140. 

https://doi.org/10.1016/j.matchemphys.2022.126427
https://doi.org/10.1016/j.inoche.2021.108585
https://doi.org/10.1016/j.jallcom.2018.11.302
https://doi.org/10.1016/j.apsusc.2015.07.012
https://doi.org/10.1016/j.ceramint.2021.12.140


230 

 

 

 

[50] C. Chen, W. Ma, J. Zhao, Semiconductor-mediated 

photodegradation of pollutants under visible-light irradiation, Chem. 

Soc. Rev. 39 (2010) 4206–4219. https://doi.org/10.1039/b921692h. 

 

 

https://doi.org/10.1039/b921692h


 

 

 

 

CHAPTER 6 

 
General conclusions 

 

 

 

 

 

 

 

 

 
“The next industrial revolution is focusing on the ability to control 

matter at the nanoscale.” 

Chad A. Mirkin 
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1. General Conclusions 

This PhD thesis emphasises the potential multifunctionality 

of oxide semiconductors, specifically ZnO and TiO2, and their 

significance in several scientific disciplines, particularly in the realm 

of solid state chemistry and photocatalysis. Nevertheless, via the 

utilisation of various methodology, it has been established that the 

most effective strategy for achieving functionalization of glass 

surfaces is the application of high temperature deposition methods, 

specifically spray pyrolysis, onto the glass substrate. 

 

Therefore, it is possible to draw the subsequent general 

conclusions: 

 

 Transparent thin films of titanium dioxide (TiO2) and zinc oxide 

(ZnO) were successfully synthesised using the spray pyrolysis 

process, while maintaining the optical properties of the glass 

substrate. 

 

 The thin films that have been  synthesised exhibit exceptional 

transparency, as seen by both TiO2 and ZnO displaying a 

transmittance over 80%. 

 

 The efficacy of  the spray pyrolysis approach in producing 

transparent thin films has been well-established, making it a highly 

suitable method for application in both the ceramic and glass 

industries. 
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 The synthesised thin films have demonstrated their potential for 

multifunctionality in the field of photocatalysis, specifically in the 

degradation of pollutants and bacteria. A key requirement in these 

applications is the ability to generate reactive oxygen species (ROS) 

through light-induced processes, enabling the degradation of both 

organic molecules and pathogenic organisms.  

 

 Extensive research has been conducted to investigate the processes 

involved in the production of reactive oxygen species (ROS) by the 

irradiation of semiconductors in solution.  Additionally, the 

degradation of several modern contaminants, including organic dyes 

and chemicals utilised in pharmaceutical manufacture, has been 

examined. 

 

 It has been observed that the incorporation of silver nanoparticles 

into transparent TiO2 layers increases the generation of reactive 

oxygen species (ROS) during the ROS production mechanism. 

Consequently, this enhancement leads to an increase in the 

photocatalytic degradative efficiency of TiO2 and ZnO thin films. 

 

 It has been shown that the irradiation of thin films leads to the 

creation of reactive oxygen species (ROS), which in turn induces 

deterioration in several bacterial species. Notably, the ROS 

generated through this process have been found to inflict substantial 

harm on bacteria associated with faecal contamination, including 

Escherichia coli (E. coli). 
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In summary, the findings presented in this doctoral thesis 

illustrate the versatile nature of transparent thin films composed of 

TiO2 and ZnO. These films exhibit a variety of highly favourable 

characteristics, rendering them potentially valuable in various 

domains. Specifically, they show promise in the realm of 

photocatalysis for pollutant degradation, as well as in the realm of 

safeguarding environments requiring bacterial sterility. 

Consequently, glass can be regarded not only as a transparent 

material, but also as a material with considerable practical 

applications. 

 

In future research, as an extension of the present doctoral 

thesis, the aim is to synthesise transparent semiconducting oxides 

with a reduced band gap compared to ZnO and TiO2. This goal can 

be achieved by employing the optimised synthesis technique of these 

transparent semiconducting oxides using spray pyrolysis on a glass 

substrate. Specifically, the oxides of interest for this study include 

copper (I) oxide (Cu2O), copper (II) oxide (CuO), tungsten trioxide 

(WO3), bismuth vanadate (BiVO4) and iron (III) oxide (Fe2O3), all of 

which will be deposited as thin transparent layers. 

 

In this particular scenario, the aim is to explore the potential 

of photocatalytic reactions in the degradation of gas pollutants. It is 

important to note that this thesis does not specifically investigate this 

aspect, but rather emphasises its significance due to its wide range of 

applications, including air and water cleaning.  
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Photocatalytic reactions have the ability to facilitate the 

decomposition of volatile organic compounds (VOCs) and nitrogen 

oxides (NOx). Certain types of photocatalysts have the capability to 

generate hydrogen (H2) by utilising visible light and either water 

vapour or liquid water. Additionally, these photocatalysts can 

facilitate the conversion of carbon dioxide (CO2) into valuable 

hydrocarbons or other chemicals through the utilisation of renewable 

energy sources. 

 

  



236 

 

 

 

  



 

 

 

Annexes 

 

 

 

 
 

 

 

 

 

 

 

 “We are transforming the way we interact with the world through 

the new materials we create, opening the door to manufacturing 

more efficient and sustainable devices.”  

George M. Whitesides 



238 

   

   

 

 

Appendix I: Supplementary figures 
 

 

 

Advances in Transparent Materials: ZnO Thin films for Photocatalytic 

and Antibacterial Applications 

 

J.G. Cuadra
1
, Ana C. Estrada

2
, C. Oliveira

3
, L.A. Abderrahim

1
, S. Porcar

1
, D. 

Fraga
1
, T. Trindade

2
, P. Seabra

4
, J. Labrincha

4
, J.B. Carda

1
 

1 Department of Inorganic and Organic Chemistry, University Jaume I, Avda. Sos Baynat s/n, Castellon, 12071, 

Spain 

2 Department of Chemistry, CICECO-Aveiro Institute of Materials, University of Aveiro, 3810-193 Aveiro, 

Portugal 

3Department of Biology, CESAM, University of Aveiro, Campus Universitário de Santiago,3810-193, Aveiro, 

Portugal 

4Materials and Ceramic Engineering Department, CICECO, University of Aveiro, Campus Universitário de 

Santiago, 3810-193 Aveiro, Portugal 

1
 These authors contributed equally 

*
 
Corresponding authors Jaime González Cuadra 

Department of Inorganic and Organic Chemistry, University Jaume I, Avda. Sos Baynat 

s/n, Castellon, 12071, Spain 

Phone: + 964-728-234, E-mail: jcuadra@uji.es 

 

 

 

mailto:jcuadra@uji.es


239 

   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. S1. Experimental setup for the preparation of ZnO thin films by spray pyrolysis on 

glass 

 

 

 

 

 

 
 

Fig. S2 Image of a ZnO transparent thin film on a glass substrate; the latter is also shown for 

comparison. 
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Fig. S4 Enolate formation reaction of 4-nitrophenol in basic medium  

Fig. S3 Photocatalysis testing set up system 
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Fig. S5 (a)  TEM image of the transparent ZnO thin film (b) High resolution TEM image of the 

marked area in  (c) SAED pattern of the  transparent ZnO thin film (d) EDS spectra of the 

transparent ZnO thin films. 
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Fig. S6 XPS spectrum of transparent ZnO thin film. 
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Fig. S7. Results of experiments for the photodegradation of  4-Nitrophenmol (4-NP) under UV 

irradiation. 

 

 
Fig. S8. Results of adsorption experiments of  4-Nitrophenmol (4-NP) on a transparent ZnO thin 

film. 
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Fig. S9. Calibration curve for calculating 4-NP concentration in the photocatalytic experiments. 
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Fig.S1 Spray pyrolysis set up for the deposition of transparent  TiO2 

thin films 
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Fig.S3. Zeta potential Ag nanoparticles synthesized from PLAL before being deposited on the 

transparent TiO2 thin film. 

 

 

Fig.S2. Image of the Nd:YAG laser bent to the second harmonic 

wavelength (532 nm) synthesising silver NPs 
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Fig.S5. Photocatalysis testing set up system 

Fig.S4. Image of TiO2 ans TiO2-Ag NPs transparent thin films on glass 
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Fig.S6. Adsorption spectra of the thin films 

Fig.S7. The photocatalytic degeneration of RhB Rhodamine B only 

irradiated by UV lamp 
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Fig.S8. UV- is absorption spectra’s of RhB dye degradation using 

TiO2 

Fig.S9. Calibration line for calculation of RhB concentrations 
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Table S.1 ICP-OES results of the leached amount of silver and titanium after the photocatalytic 

screening experiments  

0’ 

Parameters Test method Analytical 

Technique 

Result Uncertainty Units 

Ti Internal method 

based  

on ISO 11885 

ICP-OES < 80 - μg/  

Ag Internal method 

based on  

ISO 11885 

ICP-OES < 100 - μg/  

210’ 

Ti Internal method 

based on 

 ISO 11885 

ICP-OES < 80 - μg/  

Ag Internal method 

based on  

ISO 11885 

ICP-OES < 100 - μg/  

300’ 

Ti Internal method 

based on 

 ISO 11885 

ICP-OES < 80 - μg/  

Ag Internal method 

based on 

 ISO 11885 

ICP-OES < 100 - μg/  

Fig.S10. FTIR spectra FTIR spectra of the TiO2-Ag  transparent thin 

films before and after the photocatalytic process 
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