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Introduction 

Microbial contamination and transmission remain a global public health concern, 

with the potential to cause infections and outbreaks in various settings. To address this 

issue, the development of surfaces and coatings as antimicrobial materials has emerged as 

a promising solution. These antibacterial coatings can be applied to a wide array of 

surfaces, from medical equipment and high-touch surfaces in public spaces to food 

packaging and drinking water systems, By integrating these coatings into our environment, 

we can create self-sanitizing and pathogen-resistant surfaces that can reduce the risk of 

infections and the spread of microorganisms. This innovation holds immense potential in 

environmental and healthcare settings, the ongoing research and development of 

antimicrobial coatings offer a proactive and effective strategy to combat bacterial 

contamination on a global scale, contributing to a safer and healthier world [1-3].  

Several materials with intrinsic antibacterial properties have been used in 

fabrication of antibacterial films. Recently, titanium dioxide is a versatile material known 

for its dual functionality as a photocatalyst and an antibacterial agent [4]. In photocatalysis, 

TiO2 demonstrates exceptional effectiveness, particularly in the anatase form, when 

exposed to ultraviolet (UV) light. Under UV irradiation, TiO2 generates electron-hole 

pairs, leading to the production of reactive oxygen species (ROS), which play a pivotal role 

in deactivating microbial organisms, including bacteria, viruses, and cancer cells. This 

photocatalytic activity has found diverse applications in air and wastewater purification, as 

well as various biomedical applications [5].  

Additionally, TiO2 film has garnered attention as an antibacterial material, owing to 

its ability to hinder microbial adhesion and inhibit biofilm formation [4, 5], when TiO2 

incorporated into surfaces and coatings, it acts as a potent antibacterial agent due to its 

unique properties such as strong oxidizing power [6], nontoxicity [7], and good chemical 

stability [8], which makes it a promising candidate for addressing both environmental and 

healthcare challenges through its photocatalytic and antibacterial activity.  

The modification of titanium dioxide (TiO2) photocatalyst by transition and noble 

metals has emerged as a promising strategy to enhance their antibacterial activity. 

Transition metals like iron (Fe), cobalt (Co), and noble metals such as silver (Ag) and 

platinum (Pt) have been extensively explored for their ability to enhance TiO2 performance 

https://www.sciencedirect.com/topics/chemistry/potable-water
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as an antibacterial agent. By incorporating these metals into the TiO2 matrix, researchers 

aim to reduce the recombination rate of electron–hole pairs, a crucial factor affecting 

photocatalytic efficiency [9, 10]. This modification results in improved photocatalytic 

activity and extends antibacterial capabilities of TiO2 beyond its native UV irradiation 

range, making it effective under visible light as well [10].   

Silver, in particular, is of significant interest due to its low toxicity, exceptional 

catalytic and antibacterial properties. The presence of these metals in TiO2 not only 

expands its antibacterial potential but also introduces synergistic effects that lead to a more 

robust antibacterial response. As a result, modified TiO2 materials with these metals 

exhibit increased efficacy in deactivating microbial organisms, ranging from bacteria to 

viruses, making them a vital component in various antimicrobial applications [11, 12].  

Furthermore, iron has shown its unique potential as an antibacterial agent in recent 

research, this transition metal has gained attention for its role in disrupting bacterial growth 

and pathogenicity [13]. Modifying TiO2 with Fe under UV light may considerably enhance 

its antibacterial activity [7, 14, 15], pure and modified TiO2-based coatings are fabricated 

using numerous film deposition techniques [16] such as electron beam evaporation [17], 

sputtering [18], chemical vapor deposition [19], spray pyrolysis [20], and sol–gel method 

[21]. 

The objectives of this research are to create novel and effective antibacterial coating 

based on the Ag-TiO2-Fe system. In this study, we investigated the effects of incorporating 

Fe, and Ag on the structural, morphological, optical, and luminescent properties of TiO2 

film, as well as their relation with antibacterial activity. Additionally, we examined the 

antibacterial efficiency of pure and composite thin films with varying Ag content against 

Escherichia coli bacteria in both dark and under UV light.  

The present thesis consists of four chapters: 

In the first chapter, we present a comprehensive literature review that delves into 

the fundamentals, properties, and applications of the materials utilized in the creation of 

our thin films, including TiO2, TiO2-Fe, and Ag-TiO2-Fe.  

 The second chapter focuses on the basics of thin films (or coatings) by presenting 

the different methods for fabricating thin films, the principle of antibacterial coatings, their 

classification, and their mechanisms of action.  
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The third chapter highlights the methodology of the study; including materials, 

experimental procedures employed for the preparation of our thin films and the different 

characterization techniques carried out in this work.  

The fourth chapter is devoted to the interpretation and discussion of the results 

obtained in this study. 

 Finally, the general conclusion in which we highlight the main results of this work, 

as well as the future perspectives proposed for this work.  
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I.1 Introduction  

This chapter provides the essential information on the materials used to produce the 

desired thin films, which include TiO2, Ag, and Fe, with a description of their varied 

properties and uses. We also go over the modification methods of TiO2 photocatalyst, 

followed by state of the art of modified TiO2 thin films with Ag and Fe metals (Ag-TiO2-

Fe) and their antibacterial effectiveness and applications. 

I.2 Titanium dioxide  

Titanium dioxide with a chemical formula TiO2 (titania) was first discovered in 

1791 from mineral ilmenite, It has been commercially manufactured as white pigments in 

building since 1916 [1]. TiO2 belongs to the family of transition metal oxides. It is a 

semiconductor material that can be synthesized in various forms, e.g. nanoparticles, 

thick/thin films etc. TiO2 is a functional material that promises a wide range of new and 

various technological application fields due to its advantageous features [2].  

I.2.1 Titanium dioxide properties 

Titanium dioxide (TiO2) has become one of the most studied semiconductor 

materials. It has attracted the attention of many researchers in numerous domains due to its 

extraordinary properties such as chemical stability, inexpensive material with high 

refractive index, non-toxicity, large band gap, and biocompatibility, etc [3- 5].  

I.2.1.1 Crystalline structure 

Titanium dioxide naturally occurs in three main crystalline polymorphs anatase, 

rutile, and brookite [5, 6]. Rutile and anatase have a tetragonal structure; it consists of TiO6 

octahedron chains, where each Ti4+ ion is surrounded by an octahedron of six O2- ions. In 

the rutile structure, each octahedron is surrounded by ten close octahedrons; instead, in the 

anatase phase, each octahedron is in contact with eight neighbors. Brookite TiO2 belongs 

to the orthorhombic crystal system. Its unit cell is more complicated; it is composed of 8 

formula units of TiO2 and is formed by edge-sharing TiO6 octahedron. The three 

crystalline phases differ from each other by the arrangement and the distortion of the 

octahedron [7- 9]. The crystal structures of the unit cell of anatase, rutile and brookite 

phases are shown in figure I.1  
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Figure I.1 Three different polymorphs of titanium dioxide (a) rutile phase, (b) anatase 

phase, and (c) brookite phase. (Ti (grey); O (red)), while the blue polyhedral shapes show 

the orientation in space of the TiO6 octahedra [10]. 

Among these structures, rutile is a thermodynamically stable phase, whereas anatase and 

brookite are metastable [3]. Annealing temperatures above 600 °C lead to an irreversible 

phase transformation from anatase to rutile [11] depending on particle size, ambient 

pressure, other factors, etc [6, 8]. Each crystalline form has practical applications, however, 

the anatase is the most studied and used phase in many applications due to its great 

  

 (a) 

 (b) 
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photocatalytic efficiency such as energy, environment, health and medicine, catalysts, etc 

[12]. Physical and structural properties of three main crystalline polymorphs of TiO2 are 

summarized in table I.1  

 

Table I.1 Comparison of the structural and physical data for rutile, anatase and brookite 

phases  [5, 9, 13, 14]. 

Chemical Formula                                           TiO2 

Structure 

 

Rutile Anatase Brookite 

 

 Molecular Weight 

(g.mol-1)  

  

79.88 79.88 79.88 

          Z 2 4 8 

Crystal System Tetragonal Tetragonal Orthorhombic 

Space Group P42/mnm  I41/amd Pbca  

Lattice constant (Å) 

 

 a=b= 4.5936 

c= 2.9587 

a=b= 3.784  

c= 9.515 

a= 9.184 

b= 5.447 

c= 5.154 

Volume/ molecule  

(Å3) 

31.2160 34.061 32.172 

Density [g/cm³] 4.13 3.79 3.99 

Band gap eV 

 

3.0 ± 0.1 3.2 ±0.1 3.4 ± 0.1 

Ti-O bond length (Å) 

 

1.949 (4) 

1.980 (2) 

1.937(4) 

         1.965(2) 

1.87–2.04 
                                                               

 

Refractive index  

 

2.605–2.616, 

2.890–2.903 

2.561, 2.488 

 

2.583, 2.700 

Light absorption 

(nm) 

<415 <390 – 

Mohr’s hardness 6.0 – 6.5 5.5 – 6.0 5.5 – 6.0 

Bulk conductivity (S 

cm−1) 

10-2 – 10-7 5×10-8 3×10-7 

Static dielectric 

constant (𝜀0 in MHz 

range) 

173 48 – 

Melting point °C 1855 °C 
A
~600 ℃
→    R B

~700℃
→    R 

Boiling point °C 2500– 3000 2500– 3000 2500– 3000 

Solubility in H2O Insoluble Insoluble Insoluble 

Solubility in HF Insoluble Soluble Insoluble 
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I.2.1.2   Electronic and optical properties 

The electronic structure of a semiconductor is a key factor in photocatalysis. 

Titanium dioxide is an n-type, it consists of a valance band (VB) and a conduction band 

(CB) levels, respectively. The energy difference between these two levels is known as the 

bandgap (Eg) [8]. The valence band (VB) of TiO2 is formed by the hybridization of 2p 

orbitals of O2 and 3d orbitals of Ti, while, the conduction band (CB) comprises pure 3d 

orbitals of Ti. When TiO2 is exposed to UV light (photon energy hυ ≥ Eg), the UV light 

will be absorbed by TiO2, and an electrons in the valence band are excited to the 

conduction band, leaving behind holes (h+) in the valence band [9, 15]. The optical 

properties of semiconductors, such as the absorbance and emission, result from the 

excitonic transitions [7]. The anatase and rutile phases have band gap energy of 3.2 eV and 

3.0 eV, respectively, that explains the transparency of TiO2 when is pure and 

stoichiometric [16]. Oxygen and titanium vacancies in TiO2 are intrinsic defects which 

influence the bandgap based on its phase of existence [17]. On the other hand, TiO2 is 

unique because it combines a high refractive index (nanatase = 2.488, nrutile = 2.609) with a 

high degree of transparency in the visible region of the spectrum, which makes it very 

important in optical applications [18]. Figure I.2 shows the light spectrum with TiO2 

action area.  

 

            Ultra-Violet                             Visible                                 Infra-Red    

       UV A              B      C                      NIR 

                                                                

100        200         300            400       500       600      700        800       900      1000          λ/nm 

                                          

   10.0          5.0      4.0           3.0      2.5      2.0          1.7      1.5           1.3               E/eV        

Figure I.2 Light spectrum with TiO2 action area [18]. 

 

 I.2.2 TiO2 as a Photocatalyst 

Photocatalysis is an efficient process for the degradation of organic and inorganic 

contaminants through the generation of free radicals such as HO• and O2
•−, this operation 

occurs through the use of light and semiconductors [19]. The photocatalytic properties of 

titanium dioxide (TiO2) were discovered for the first time in 1972 by Fujishima and Honda [20, 

21]. TiO2 in the anatase form is considered as one of the most interesting photocatalyst, 
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and its photocatalytic performance strongly depends on the electronic band structure and 

band gap energy. The table I.2 below provides a list of the most common photo-catalyst 

types with their energy bandgap [8].  

Table I.2 List of common photocatalyst and their bandgap energies at 0 K [22].    

Semiconductors Bandgap energy (eV) Drawbacks 

TiO2 3.03 Active in UV 

ZnO 3.2 Unstable,corrodes, poisoning 

ZnS 3.6 - 

𝛼-Fe2O3 2.8 - 

WO3 2.8 Expensive, production problems 

SrTiO3 3.2 - 

CdS 2.42 Expensive, corrosion 

CdSe 1.7 - 

Si 1.17 - 

Ge 0.74 Expensive  

 

Photocatalysis using TiO2 has been used in many applications including environmental 

problems [3, 23]. TiO2 can produce free radicals on its surface when exposed to UV 

irradiation by promoting electrons to the conduction band (figure I.3). The available hole 

which is very reactive and the electron can react with adsorbed water or oxygen to create 

free radicals and singlet oxygen, the contaminants (organic compounds, microorganisms) 

will react with hydroxyl radicals and undergo mineralization reactions to produce CO2 and 

H2O [20]. This process requires low energy requirements and relatively low cost [19]. The 

reaction mechanisms are widely known and can be resumed by (equations I.1-6) [3, 24]: 

TiO2  
hυ
→   eCB

−  + hVB
+                                                                          (eq.1) 

H2O + hVB
+  → OH2

•  + H+                                                                (eq.2) 

OH2
•   +  pollutant →  H2O + CO2                                                                               (eq.3)                                                          

          O2 + eCB
−    →   O2

•–                                                                     (eq.4) 

O2
•–+ pollutant  →  H2O + CO2                                                          (eq.5) 

O2
•– +  H+ → OOH2

•                                                                                                                    (eq.6) 
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OOH2
•  +  pollutant →   H2O2  + CO2                                                                             (eq.7) 

OOH2
•  + OOH2

•  →    H2O2  + CO2                                                                (eq.8) 

                                                 

                                                     

 

 

 

 

 

 

 

 

 

Figure I.3 Photocatalysis mechanism of TiO2 [25]. 

photocatalysis process is considered as significant disinfection approaches against a variety 

of pathogenic microorganisms [26]. Photocatalyst TiO2 is one of the most potent 

antibacterial agents; it plays a vital role in minimizing environmental and health issues due 

to its a chemical stability, biocompatible and non-toxic. Recent studies have demonstrated 

that a human coronavirus (HCoV-NL63) was inactivated using TiO2 nanoparticles coated 

film. TiO2 is commonly used for disinfecting surfaces, water and air from bacteria, 

microbes and virus by producing highly reactive oxygen species (ROS), which damage 

microorganisms [27, 28]. 
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I.2.3 Applications of titanium dioxide  

TiO2 in its various forms (thin film, powder) has several advantages making it one 

of the most important and promising candidate in great domain of applications [5] (figure 

I.4) include solar cells, water purification, antibacterial coatings, sensing and biomedicine 

applications, etc. Some of these applications are detailed [29].  

 

 

 

Figure I.4 Different application fields of TiO2 [30].  

 

I.2.3.1   Application of TiO2 in energy storage  

Lithium-ion batteries are a type of rechargeable batteries and promising energy 

storage devices generally employed in electric vehicles and mobile electronics. TiO2 

has the potential to be a viable anode material for high-power lithium-ion batteries (LIBs) 

as replacement materials for carbonaceous anodes. TiO2 offers many advantages such as 

charge transfer, high discharge voltage and excellent cycling stability making it good 

candidates in storage research [12, 31].  
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I.2.3.2   Application of TiO2 for environmental problems 

Human activities are a major problem in polluting air and water resources. 

Nanostructured TiO2 has raised a great deal of research interest due to its photocatalysis 

efficiency, which is an environmentally friendly technology. In recent years, 

nanostructured TiO2 has been considered as the ideal choice for water-treatment. It 

is frequently used for decomposing organic pollutants and harmful microorganisms in 

water by producing free radicals (HO•) and superoxide ions (O2
•−), with strong oxidizing 

properties under UV light. This process improves water quality [32, 33, 12]. 

I.2.3.3 Antibacterial applications of TiO2 

Various investigations have been reported on the use of TiO2 in healthcare and 

biomedicine owing to its active role in damaging many harmful pathogens, such as 

bacteria, viruses, and fungi, which are found in the human body, water and on varied 

surfaces. TiO2 in anatase form has higher photocatalytic and cytotoxic activity, it has been 

noticed as effective antibacterial agent, which has the ability to generate reactive oxygen 

species (ROS) such as O2
•−, HO• and H2O2 during the photocatalysis process making TiO2 

as one of the preferred for antibacterial applications, including the photodynamic therapy 

for cancer treatment, water purification, self cleaning, air-conditioning filters, medical 

devices, orthopedic implants, sterilizing surfaces, etc [8, 34, 35].  

I.2.4   Modification of TiO2 photocatalyst 

The UV light activity and high electron – hole recombination rate are drawbacks 

that hinder practical application of TiO2 in visible light and the photocatalytic efficacy, 

respectively. Many efforts have been performed to amend these difficulties. Modification 

of TiO2 with various materials can enhance its photocatalytic efficiency and antibacterial 

performance. These modifications have been performed using many different strategies 

including metal and non-metals doping, codoping, fabrication of composites with other 

materials and immobilization of TiO2 particles supported on different substrate materials 

[36 – 38, 7]. 

I.2.4.1   Metal doping 

Many studies have demonstrated that adding metal doping to the TiO2 structure can 

improve the photocatalytic efficiency of TiO2 in the visible light region by creating donor 

or acceptor levels in the band gap of semiconducting TiO2 (figure I.5). The visible light 

activity of semiconductor materials is influenced by the type of doping elements, the 
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doping amount, the doping method, the doping position (substitution or clearance), and the 

doping distribution [39]. Doping TiO2 with transition metals such as Ce, Co, Fe, Ni, Cu, 

and Zn [40- 45] produces favorable changes in its electronic structure. The introduction of 

these metals into TiO2 structure causes a red shift in absorption edge and a decrease in 

band gap energy [46], which extends the visible light response of TiO2 and thus enhances 

the photocatalytic activity [36, 9]. The use of noble metals such as Ag [47], Pt [48] , Pd 

[49], Rh [50] and Au [51] is another approach for modifying TiO2 photocatalysts [36]. The 

incorporation of noble metals (micro or nanoparticles) into TiO2 lattice promotes the 

electron-hole separation by forming impurity and defect energy levels that act as electron 

traps, reducing the recombination of light generated e−– h+ at the TiO2 surface and 

consequently raising TiO2 photocatalytic performance under visible light [52, 38]. 

 

 

 
 

 

Figure I.5 Schematic of metal-TiO2 photocatalytic mechanism [3]. 

 

 

 

I.2.4.2   Non-metal doping 

TiO2 can be doped with non-metal materials (N, S ,C etc.) as a substitute for 

oxygen in the TiO2 lattice and thus creating new defect energy levels and narrowing the 

band gap energy of TiO2, however, they do not act as charge carriers, and their role as 

recombination centers and thus, they are considered to be more effective in improving the 

photocatalytic performance of TiO2 [9, 46]. 



Chapter I                                                                                                  Literature review 
 

16 
 

I.2.4.3   Codoped TiO2 

Co-doping is a successful method to modify pure TiO2 properties based on the 

doping of two kinds of atoms into TiO2 (metal-metal, nonmetal-nonmetal and metal-

nonmetal), it has attracted much interest owing to its high photocatalytic activity and low 

side effects  ( such as instability, recombination of photoexcited electron- hole pairs, and 

mobility reduction) in comparison to single-elements doping. In this case, the codoped 

TiO2 material exhibits synergistic effects that significantly improve the charge separation 

by facilitating the transfer of photogenerated charge carriers, redshifting in the adsorption 

edge, and high absorbance under visible light. Consequently, the photocatalytic activity is 

greatly increased as well as the antibacterial efficiency [9, 53].  several researchers  have 

demonstrated that  doped , codoped and composites TiO2 exhibit  very high  bactericidal 

effect and  a visible light activated  photocatalyst, as well as strong antibacterial properties 

without light activation against various bacteria  (table I.3). 

 

Table I.3 Antibacterial activity with modified TiO2 photocatalyst [13]. 

Metal Non-

metal 

Nobel Composite Bacteria Ref 

Fe-TiO2    Escherichia coli K12 [54] 

   Fe3O4/TiO2 Edwardsiella 

tarda (BCRC 10670) 

[55] 

  Pt-TiO2  Escherichia coli [56] 

   CNT-TiO2 Escherichia coli [57] 

Cu-TiO2    Escherichia 

coli and Staphylococcus 

aureus 

[58] 

 S-TiO2   Micrococcus lylae [59] 

   Ag-N-TiO2 Escherichia coli [60] 

 N-TiO2   Lactobacillus 

acidophilus and Candida 

albicans 

[61] 

Sn-TiO2    Escherichia coli (ATCC 

23282) and Staphylococ-

cus aureus 

[62] 



Chapter I                                                                                                  Literature review 
 

17 
 

   Ag-TiO2 Escherichia coli  [63] 

   Au-TiO2 Escherichia coli (DH 5α)  

and Bacillus megat-

erium (QM B1551)     

[64] 

Co-TiO2    Staplylococcus 

aureus and Salmonella 

typhimurium 

[65] 

  Au-TiO2  Escherichia coli MTCC 

40 and S. aureus ATCC 

6633 

[66] 

 S-TiO2   hepatocellular carcinoma 

(Huh-7) 

[67] 

   Cu/TiO2/CS Escherichia coli and 

  Staphylococcus aureus 

[68] 

  Ag-TiO2  Escherichia Coli 

Pseudomonas aeruginosa, 

Klebsiella pneumoniae 

and Enterobacter Cloacae 

[69] 

 

I.2.4.4   Immobilized TiO2 

A variety of studies have proven that photocatalyst activity is more effective when 

the TiO2 catalytic is immobilized on support materials. The immobilization of a TiO2 

photocatalyst onto different surfaces, including glass, silica gel, metals, ceramics, 

polymers, thin films, fibers, clays, activated carbon, cellulose, etc can expand TiO2 

absorption range and greatly affects the photocatalytic properties. Moreover, the 

modification of TiO2 on support materials does not need additional treatment of the final 

purification process because it does not produce a catalyst suspension. This makes it a very 

desirable way in many different applications especially water purification [70, 71]. 

 

 

 

https://www.sciencedirect.com/topics/physics-and-astronomy/pseudomonas
https://www.sciencedirect.com/topics/physics-and-astronomy/klebsiella
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I.3   Modification materials 

I.3.1   Silver (Ag) 

Silver with the chemical symbol "Ag" is a precious metal. It belongs to the family 

of noble (rare) chemical elements. The name silver is derived first from the Greek, argyros, 

and later from the Latin, argentum [72]. Silver crystallizes in face centred cubic (fcc) 

crystal structure and it has an atomic radius of 0.144 nm. Silver has been used for many 

thousands of years owing to its unique chemical and physical properties (table I.4); it is 

white metal with a shiny surface, ductile and malleable transition metal. This metal has the 

greatest electrical and thermal conductivity of any other metal [73-76]. 

 

Table I.4 Physical and chemical properties of silver [73-76]. 

Parameters Ag 

Atomic number 47 

Atomic weight 107.868  

Group 11 

Period 5 

Melting point 961.78 °C 

Boiling point 2162 °C  

Density 10.49 g/cm3 

Atomic radius  0.144 nm 

Oxidation states  +1, +2, +3 

Electron configuration [Kr] 4d10 5s1 

Thermal conductivity 429 W/(m⋅K) 

 

The primary use of this metal was the fabrication of jewellery and decorative items, but 

nowadays, silver is key material in industry and in new innovations [77] (Figure I.6). On 

the other hand, It is also known as great antibacterial agent since ancient times [78]. 

Recently, it is combined with a broad range of materials, under various forms (salts, 

immobilized ions or metallic nanoparticles) to produce an effective disinfection system 

that reduces pathogenic bacterial strains, as well as silver has low toxicity towards humans, 

making it an ideal candidate for healthcare and biomedical uses [77, 79]. 

 

 

https://en.wikipedia.org/wiki/Transition_metal
https://en.wikipedia.org/wiki/Group_(periodic_table)
https://en.wikipedia.org/wiki/Period_(periodic_table)
https://en.wikipedia.org/wiki/Thermal_conductivity
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Figure I.6 Estimating industrial demand for various uses (source Thomson Reuters, 2012) 

[80]. 

 

Silver use is currently growing due to its importance in a variety of applications include 

[73-76, 81]: 

• Electronics: Silver is an important element in electronics applications, it is used in 

battery manufacturing, cavity filters, cell phones, etc.  

• Energy: In the field of energy, silver is the preferable choice for many researchers 

in developing various technologies such as the manufacturing of solar panels, 

photovoltaic cells, and the production of nuclear energy. 

• Medicine: Silver is promising material in medicine because of its outstanding 

features such as antimicrobial activity and non-toxicity, it has the ability to kill 

bacteria and prevent its adhesion on many surfaces. Therefore, it is applied in 

hospitals as an antibacterial coating for medical devices and for different surfaces 

such as doors, walls, windows, etc to prevent infection and bacteria adhesion, 

furthermore, silver nanoparticles is used to kill cancer cells in human body.     
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• Catalysis: Silver is used as a catalyst for oxidation reactions in water purification 

to oxidize organic compounds and to prevent the growth of algae and bacteria in 

filters. 

I.3.2   Iron (Fe) 

Iron is a chemical element that belongs to the group of transition metals. The name 

comes from the old English word iren while the symbol of iron comes from the Latin word 

Ferrum [82]. Iron is classified as the second most abundant metal in the Earth’s crust after 

aluminum. It is the most commonly used metal, making about 95% of all the metal 

tonnage produced around the world [83]. Figure I.7 represents a representative graph of 

the geographical distribution of iron production and consumption in the world. 

 

 

Figure I.7 Representative diagram of the geographical distribution of iron production and 

consumption world [84]. 

 

Iron is a grey or silvery-white metal, lustrous, ductile, malleable and chemically active. 

Moreover, it is one of the three elements (iron, nickel and cobalt) found in nature that 

possess magnetic properties [85,  86], Iron can form iron oxides when it comes into contact 

with air and water. Generally, iron is found in the form of magnetite (Fe3O4), hematite 

(Fe2O3), goethite (FeO(OH)), limonite (FeO(OH).n(H2O), etc. On the other hand, iron is 

combined with carbon and other elements to produce different types according to human 

needs, such as: cast iron, wrought iron, pig iron, carbon steel, and alloy steel. Due to its 

unique properties such as multiple oxidation states, non-toxicity, and redox potential, iron 

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FGeographical-distribution-of-iron-production-and-consumption-world_fig11_338901899&psig=AOvVaw2_T6CDWVNEfWKSF4XMWNqF&ust=1697079834812000&source=images&cd=vfe&opi=89978449&ved=0CBMQjhxqFwoTCMim8IqO7YEDFQAAAAAdAAAAABAo
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FGeographical-distribution-of-iron-production-and-consumption-world_fig11_338901899&psig=AOvVaw2_T6CDWVNEfWKSF4XMWNqF&ust=1697079834812000&source=images&cd=vfe&opi=89978449&ved=0CBMQjhxqFwoTCMim8IqO7YEDFQAAAAAdAAAAABAo
https://en.wikipedia.org/wiki/Goethite
https://en.wikipedia.org/wiki/Limonite


Chapter I                                                                                                  Literature review 
 

21 
 

acts as a catalyst and plays essential role in chemical and biological reactions (Fenton 

reaction, photo-Fenton) in the presence of H2O2 to generate highly reactive hydroxyl 

radicals for the oxidation of a wide range of pollutants [86-89].Table I.5 shows some 

characteristics of iron (Fe).  

 

 

Table I.5 Characteristics of Fe [90, 91]. 

Parameters Fe 

Atomic number 26 

Atomic weight 55.845  

Group 8 

Period 4 

Melting point 1538 °C  

Boiling point 2861°C 

Density 7.86 g/cm3  

Ionic radius 0.076 nm (+2) ; 0.064 nm (+3) 

Oxidation states  +2, +3, +4, +6 

Electron configuration [Ar] 3d6 4s2 

Thermal conductivity 80.4 W/(m⋅K) 

 

 

Iron is an attractive and useful material for different purposes owing to its specific 

characteristics and enormous potential. The following are the application areas of iron and 

iron oxides: 

• Production of building tools, materials and industrial machinery [87]. 

• Fabrication of iron batteries for renewable energy storage [92]. 

• It is used in medicinal surgical instruments [85], and as antibacterial coatings of 

implants for medical applications [93].  

• Iron and its compounds are considered basic materials in the field of water 

treatment through the oxidation process by removing many harmful contaminants 

from water resources including dyes, pesticides, microorganisms, heavy metals, 

discharge of pharmaceuticals, etc [94, 95]. 

 

https://en.wikipedia.org/wiki/Group_(periodic_table)
https://en.wikipedia.org/wiki/Period_(periodic_table)
https://en.wikipedia.org/wiki/Thermal_conductivity
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I.4   Ag, Fe modified TiO2 composite thin films 

The development of antibacterial materials has received a great deal of interest in 

recent years due to their potential use in photocatalysis, microbial disinfection, medical and 

environmental applications. Antibacterial coating based TiO2 semiconductor–metals 

composites thin films can be an effective way to kill microorganisms and prevent 

microbial adhesion. Ag-TiO2 composite thin film possess strong antibacterial performance 

against variety of bacterial strains due to the combination of the biocidal properties of 

silver and the generation of highly reactive species such as hydroxyl radical, hydrogen 

peroxide and superoxide by the photocatalysis of TiO2 [96]. The antibacterial effect of Ag 

introduced in TiO2 matrix has been shown by many researchers [96, 97, 63]. Wahyuni and 

Roto reported the inactivation of  Escherichia coli (E.coli) bacteria by Ag nanoparticles 

incorporated in TiO2 matrix [98]. Binyu Yu et al. synthesized Ag-TiO2 composite nano 

thin films on silicon substrate using sol–gel method; the composite films exhibited better 

bactericidal activities both in the dark and under UV illumination than the pure TiO2 film 

[38]. Significant enhancement in visible-light response and the durability of antibacterial 

system composed of silver nanoparticles impregnated in TiO2:(N) thin films against 

pathogens like  E.coli, Streptococcus pyogenes, S.aureus and Acinetobacter baumanii were 

reported  by Wong et al. [99]. Fe modified TiO2 can improve photocatalytic inactivation of 

microorganisms through redox reactions, making it prominent disinfection system for 

environmental pollution applications [100, 101]. U. Arellano et al. [102] prepared Fe-TiO2 

thin film deposited on sodium glass by the spin-coating method and studied the 

antimicrobial photocatalytic performance of the films toward E. coli bacteria. The Fe-TiO2 

film with high Fe content showed complete elimination of E. coli after 60 min under 

visible radiation. S.M.H. AL-Jawad et al. studied the inactivation of S. aureus and E. coli 

under UV light using Fe-TiO2 photocatalysts [42]. Excellent antibacterial effects of TiO2 

modified with Ag and Cu nanocomposite thin coatings prepared by radiofrequency 

magnetron sputter technique against Pseudomonas putida were reported by I.A. Ivanova et 

al. [96]. 

Ag-TiO2-Fe composite thin film is a novel antibacterial coating. There is no detailed 

studies have been reported for antibacterial activity of TiO2 thin films modified with Ag 

and Fe and deposited through thermal evaporation method. This is the reason to investigate 

the antibacterial properties of these coating materials. Ag-modified TiO2-Fe composite thin 

film with different Ag contents is a new antibacterial coating prepared via thermal 
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evaporation technique [103]. It is considered as a promising antibacterial coating to protect 

human health and their environment from contamination with harmful pathogens (bacteria, 

viruses, fungi, etc).  

 

I.4.1   Applications of Ag-TiO2-Fe composite thin films 

Fabrication of modified TiO2 based composite thin films has become widely 

favored study topics, and these types of materials can be synthesized using physical and 

chemical techniques. Each method will be briefly explained in the next chapter, with a 

detailed discussion of the thermal evaporation process, which is the principal technique 

employed in this study to produce thin films [32, 8]. The prepared Ag-TiO2-Fe composite 

thin film is a novel antibacterial coating with special properties. This disinfection system is 

important for healthy living; it can be applied in a wide range of uses particularly in the 

environmental and healthcare fields. 

I.4.1.1   Medical devices 

Ag-TiO2-Fe surface coating is a highly effective strategy to protect medical devices 

against infections in clinics and hospitals. This antibacterial coating can be applied for 

preventing bacterial growth on the surfaces of medical devices including sterile needles in 

self-monitoring device for blood glucose in diabetes, urinary tract devices and can also be 

used on surgical equipment (such as catheters, lancets and scissors, etc) [96, 34, 104]. 

I.4.1.2   Touch surfaces 

Ag-TiO2-Fe composite antimicrobial coating is the greatest approaches for 

removing pathogenic organisms (viruses, bacteria and fungi) from touched surfaces in 

various parts of our environment (in hospitals, home, industrial buildings, etc). 

Furthermore, it can provide safe usage of the frequently used surfaces such as commercial 

touch screens, mobile phones and ceramics by inhibiting bacterial contamination [28, 105, 

106]. 

I.4.1.3   Water purification 

One of the main issues we currently face is water pollution. Ag-TiO2-Fe composite 

coating offers the possibility for efficient disinfection of polluted water due to the unique 

photocatalytic and antibacterial properties by eliminating toxic substances and harmful 

microorganisms to make water safe for use and drinking [107, 108]. 
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I.5   Conclusion  

In this first chapter, we have presented a bibliographic study about materials and 

thin films based on the Ag-TiO2-Fe system. Moreover, the prepared Ag-TiO2-Fe composite 

thin films have great antibacterial efficiency which makes it promising candidate as 

antibacterial coating for medical devices, environmental surfaces disinfection, and water 

purification field. 
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II.1 Introduction  

The present chapter highlights the different techniques used to fabricate pure and 

modified TiO2 thin film coatings, including a presentation of each technique as well as a 

detailed description of the thermal evaporation process as the main technique employed 

throughout our research. We further explore the concept of antibacterial coatings and their 

importance, in addition to the classification of antibacterial coated surfaces and their 

modes of action. 

II.2 Thin film technology   

Thin films or coatings are a new field of materials science which have a significant 

influence on a great deal of technologies in recent years, a thin film is a layer of material 

with a thickness ranging from fractions of a nanometer to several micrometers, thin films 

can have an amorphous or polycrystalline structure depending on the preparation 

conditions and the type of material used [1]. Surface coatings are employed to modify or 

enhance the surface of a material or to produce functional devices in various areas of 

advanced applications such as energy, semiconductors, optoelectronics, medical and 

environmental applications. Many techniques are used to deposit thin film coatings onto 

different types of substrates (glass, metallic, semiconducting, polymers, etc). These 

deposition techniques and their working principles will be discussed in this section [1, 2].  

II.3 Thin film deposition techniques 

There are two main categories of deposition processes for making high quality thin 

film coatings: chemical and physical depositions (figure II.1). These methods provide the 

fabrication of a single material, or multiple materials in a layered structure. 
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Figure II.1 Classification of thin film deposition techniques [3]. 
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II.3.1   Chemical deposition techniques  

II.3.1.1 Spray pyrolysis 

Spray pyrolysis technique involves the pulverization of a precursor solution as fine 

droplets onto a heated substrate, where the chemical constituents react to form a desired 

thin film (figure II.2). In this process, many parameters affect the formation of deposited 

coating such as the flow rate, composition of the carrier gas, nature of the sol precursor, 

deposition temperature, substrate-nozzle distance, etc [4]. Spray pyrolysis is very efficient 

method for the fabrication of doped and undoped TiO2 films. M. O. Abou-Helal et al. [5] 

have deposited TiO2 on glass substrates. The solution was prepared by dissolving titanium 

(IV) isobutoxide [Ti((CH3)2CHCH2O)4] [6], A. Arunachalam et al. synthesized Zn-doped 

TiO2 thin films on glass substrates using spray pyrolysis method [7]. This technique is used 

by many researchers because of its simplicity, low-cost, and effectiveness [4, 8].  

 

 

Figure II.2 Schematic diagram of the spray pyrolysis method [9]. 

 

 

 

 

https://www.sciencedirect.com/topics/engineering/fine-droplet
https://www.sciencedirect.com/topics/engineering/fine-droplet
https://www.sciencedirect.com/topics/chemistry/glass-substrate
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II.3.1.2   Sol-gel method  

The sol-gel method is a traditional technique based on the hydrolysis of a precursor 

(figure II.3) which is usually a metal alkoxide followed by polycondensation  reactions to 

create a colloidal suspension (sol), which is subsequently converted into a solid gel  [1, 10]. 

The sol-gel method is significant method (wet-chemical technique) for producing powders, 

thin films and coatings of metal oxides, in particular silicon, zinc and titanium oxides [1, 

11]. This method has many benefits, including low cost, facile setup, improved uniformity, 

and potential for large-scale manufacture [4]. However, the main drawback with this 

technique is the extended process duration. The two best-known sol-gel processes for 

fabricating thin films are dip-coating and spin-coating [12], both methods can be used 

under ordinary conditions (ambient temperature and atmospheric pressure).  

 

 

Figure II.3 Synthesis steps for: (a) films, (b) powder using the sol–gel method [13]. 

 

https://www.sciencedirect.com/topics/materials-science/polycondensation
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II.3.1.3 Spin coating 

Spin coating has been applied for a long time for the application of thin films. In 

this technique, a small quantity of a solution is deposited on the center of a circular surface, 

which rotates at a controlled speed to spread the coating material using centrifugal force, 

The coating material is created during the spinning process when the solvent rapidly 

evaporates [4, 6, 14]. This technique has been adopted by many researchers. CC Chang et 

al. [15] have prepared TiO2/Ag thin film by sol-gel spin coating technique for 

photocatalytic applications. The thickness of the film is determined by the spinning speed, 

surface tension, and viscosity of the solution and they have a significant effect on the 

quality of the films [14]. Figure II.4 shows the three distinct stages of the spin coating 

process.  

 

 

 

                         Figure II.4 Schematics of the spin-coating process [16]. 

 

II.3.1.4 Dip coating 

The dip coating is the best known sol gel coating techniques for producing a 

uniform thin films; it can be described as a process where the substrate is immersed in the 

solution and then withdrawing at a certain rate for the formation of a coating on the 

substrate surface. Compared to other deposition techniques, the dip coating offers some 

intriguing advantages, including a facile approach, low cost and processing at room 

temperature, but it also has its drawbacks including thickness variation across the surface 

of the material and slow process [4]. This method has been employed in numerous research 

works.  K. Ubonchonlakate et al. prepared TiO2 and TiO2-Ag composites films coated on 
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glass fibre roving using dip coating method for photocatalytic disinfection of P.aeruginosa 

bacterial [17].  Many factors in dip coating method such as dipping time, withdrawal speed, 

the sol composition, and evaporation of the solvent during the emersion  have key roles in 

the successful fabrication of thin films [4, 18]. The different steps of dip-coating method 

are schematically presented in figure II.5. 

 

 

Figure II.5 Schematics of the dip coating process [4].  

 

II.3.1.5 Chemical vapor deposition  

Chemical vapor deposition (CVD) is a potent process in which a solid coating is 

formed by a chemical reaction of gaseous compounds on a heated substrate (figure II.6). 

This technique is widely employed in industry to fabricate semiconductors, ceramics, 

metals, organic, and inorganic films due to its distinct advantages, including high quality 

production of homogeneous and dense films [19, 20]. Hongfu Sun et al. investigated the 

photocatalytic efficacy of TiO2 films synthesized through chemical vapor deposition 

(CVD) method [21]. The CVD technique can be categorized into: the atmospheric-pressure 

chemical vapor deposition (APCVD), low-pressure chemical vapor deposition (LPCVD), 

plasma-enhanced chemical vapor deposition (PECVD), or plasma-assisted CVD 

(PACVD), and laser-enhanced chemical vapor deposition (LECVD), metal-organic 

chemical vapor deposition (MOCVD) and hybrid physical chemical vapor deposition 

(HPCVD) [20]. 

 

https://www.sciencedirect.com/topics/materials-science/liquid-films
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Figure II.6 Principle of a CVD process [22].  

 

II.3.2 Physical deposition techniques 

II.3.2.1 Sputtering deposition  

 Sputtering deposition is a very common PVD technique for depositing thin films 

for various application fields such as antibacterial coatings, semiconductor industry, 

decorative coatings and protective coatings for sensitive metal oxides. The sputtering is the 

ejection of atoms from the target material (cathode) by bombardment with energetic ions 

of the plasma gas, usually Ar+, and then the ejected atoms are deposited onto a substrate 

(anode) [23]. This approach has a number of advantages: an efficient way to create 

materials with a high melting point, dense films with extraordinarily high adhesion; On the 

other hand, the major disadvantages of this method are: difficult deposition of thick coats, 

non-uniform erosion of the target, which slows down the rate of deposition during time. 

There are different types of sputtering system. Direct current (DC) and radio frequency 

(RF) sputtering are the two most prevalent types of sputtering technique. The first one uses 

DC power, which is typically applied to targets made of electrically conductive materials, 

it is an inexpensive options and simple control. While for the majority of dielectric 

materials, RF power is applied in RF sputtering [1, 24]. D. Gospodonova et al. reported 

that TiO2/Ag/Cu composite coatings produced by magnetron cosputtering method provided 

strong antimicrobial activity against different microbial strains [25]. Figure II.7 illustrates 

the working principle of sputter process. 

 

https://www.sciencedirect.com/topics/materials-science/physical-vapor-deposition
https://www.sciencedirect.com/topics/engineering/decorative-coating
https://www.sciencedirect.com/topics/materials-science/metal-oxide
https://sciprofiles.com/profile/author/VUZmUW1IMlBLL2dFV001dUNVN3drRm12aXpuaWpmWnprNnhkK1B6ZC9HWT0=
https://www.sciencedirect.com/topics/materials-science/magnetron-sputtering
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Figure II.7 Working principle of the sputter process [1].  

 

II.3.2.2 Pulsed laser deposition  

Pulsed laser deposition (PLD) is a thin film deposition method based on the laser-

matter interaction (figure II.8), the deposition process occurs in vacuum chamber when an 

intensive pulsed laser used for removing target material to be vaporized. The ablated 

particles (plasma plume) escape from the target will then be condensed on the substrate 

[23, 26]. The successful performance of PLD process depends on a number of factors, 

including the laser wavelength, gas pressure, pulse energy, repetition rate, pulsed duration, 

and the target-substrate distance [1]. PLD method provides fast and highly uniform films 

deposition; furthermore it is a useful process for fabricating a wide variety of materials 

(pure and modified oxides, multilayer films, semiconductor films, ceramic and metallic 

layers) [26]. Lei Zhao et al. used the pulsed laser deposition (PLD) technique to synthesize 

TiO2 films with mixed anatase and rutile structures that exhibited better photocatalytic 

activity than those of films with just anatase structures [27].  
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Figure II.8 Principle of pulsed laser process [28]. 

 

II.3.2.3 Vacuum thermal evaporation technique 

Thermal evaporation or vacuum evaporation is the process of heating a source 

material until evaporation under vacuum of ~10−6 Torr. This allows the vapor particles to 

solidify and condense once more into substrate surface [29, 30]. Investigations on thermal 

evaporation under vacuum started in the latter part of the 19th century. In 1887, Nahrwold 

detailed the creation of platinum thin films in a vacuum by subliming platinum evaporation 

materials. He is considered as the first person who employed thermal evaporation method 

to produce thin films under vacuum [31]. In the vacuum thermal evaporation technique, the 

materials to be coated can be metals, non-metals, oxides, etc deposited on different types 

of substrates such as glass, ceramics and metals. Thermal evaporation is a typical and 

effective technique that has been used by many researchers [32-34]. In addition, it has 

become among the promising technologies applied for a large number of applications such 

as medicine [35], electronic [36], solar cell [37, 38] and photocatalytic applications [39, 

40]. 

The thermal evaporation technique is based on two key parameters [1]:  

• Thermally vaporized material  

• Applying a potential difference to the substrate under medium or higher vacuum 

levels ranging from 10−5 to 10−9 mbar. 
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II.3.2.3.1 Types of thermal evaporation processes  

Depending on the method of heating the source material to be deposited, thermal 

evaporation process is divided into two main techniques: 

a) Thermal evaporation by resistive heating (Joule effect)   

Resistance evaporation method involves the evaporation of source materials using 

electrical resistive heating filament, crucible or boat in which the material is placed (figure 

II.9 (a)), these heating elements typically constructed of refractory metals like W, Mo, or 

Ta. The usual tungsten or molybdenum crucible heated by the Joule effect can be deposited 

many kinds of materials, whose vapor pressure can be reasonable at a temperature of 1500-

1600 °C or less [41, 42]. The prepared films in this study containing TiO2, Fe, Ag 

materials were prepared using a resistive thermal evaporation deposition technique. Like 

any other coating deposition methods, this method may present some advantages and 

disadvantages, which are mentioned below in table II.1: 

Table II.1 Presents the advantages and disadvantages of resistive thermal evaporation 

method. 

Advantages Disadvantages 

• In comparison to other PVD, resistive 

thermal evaporation deposition offer 

high deposition rates at low cost [43].  

• It is a simple and fast coating process 

provides high purity and good quality of 

films [44], it can be used to fabricate 

variety of materials such as metals or 

non-metals, oxides, semiconductors, etc 

[43].  

• The production of uniform multilayer 

material with easy thickness control 

and perfect controlled evaporation flow 

direction [43, 45].  

 

• Resistive thermal evaporation process 

cannot evaporate materials that require 

a high melting point [42].  

• It has higher levels of possible 

contamination, which limits the quality 

of the vacuum in the deposition 

chamber [43].  

• Material stoichiometry in 

compounds/alloys deposition is difficult 

[44].  
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b) Electron beam evaporation 

In electron beam evaporation, a target source is heated using an electron beam emitted 

from a  hot filament and directed through an electric and magnetic fields with an energy 

ranging from 1 to 10 keV (figure II.9 (b)), which accelerates the emitted electrons towards 

the target material to create vaporized materials that deposit on substrates under high 

vacuum [1, 29]. The most commonly used sources of evaporation by electron 

bombardment include: a tungsten filament heated to high temperature (from 2500 °C to 

2800 °C). This method produces high purity films with good directionality. Furthermore, it 

is excellent process to deposit coating materials that have high melting points [43].  

 

Figure II.9 Schematic representation of: (a) resistive heating, and (b) electron beam 

evaporation techniques [46]. 

II.4 Thin film growth 

The process of the formation and growth of thin films during the deposition consists of 

a number of successive stages. This process is strongly related to the deposition rate, 

substrate temperature, pressure, substrate structure and impurities. These parameters also 

have a vital impact on many properties of the resulting film such as film density, surface 

morphology, roughness, grain size, etc [47, 48]. The process of formation and growth of 

thin films can be described in the following sequence [47, 49, 50]: 

1) In the initial stage, the materials (atoms, molecules, and cluster) to be deposited on 

the substrate are adsorbed on the substrate surface. 

(b) (a) 
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2) The adsorbed species in this step diffuse on the surface until they interact with 

other species, forming as they are called the nuclei. 

3) After the nucleation stage, the nuclei grown in size, forming as they are called the 

islands. 

4) The next stage in the process of film formation and growth is the coalescence stage, 

in which the formed islands combine together in the aim to form larger islands, 

decreasing the substrate surface area. 

5) In the final stage, further deposition results the formation of a completely 

continuous film.  

II.4.1 Modes of thin film growth 

The growth of a thin film on the substrate surface by deposition processes can be classified 

into three basic growth forms [51, 28]: 

➢ Frank-Van der Merwe (FVDM) mode or layer-by-layer growth is occurring as 

two-dimensional (2D) growth.  

➢ Volmer-Weber (VW) mode or island is characterized by 3D growth that grows 

in all directions. 

➢ Stranski-Krastanov (SK) mode or layer plus island growth is a mixed 2D/3D 

growth.  

The different growth modes (figure II.10) are influenced by many factors, the most crucial 

of which are the thermodynamics and can be described in terms of the characteristic free 

surface energy [51].  

 

Figure II.10 The different growth modes: (a) Frank-van der Merve;(b) Vollmer-Weber; (c) 

Stranski-Krastanov [51].  
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II.5 Antibacterial coatings 

Antibacterial or antimicrobial coatings are a potent strategy for inhibiting microbial 

growth on material surfaces. These coatings offer protection against harmful 

microorganisms including bacteria, viruses, and fungi that cause infections. Recently, 

antimicrobial coatings have become an extremely prevalent subject due to their essential 

role in providing safe life from bacterial contamination, resulting in their wide use in 

clinical settings, home, industry and hospitals [52, 53]. Antibacterial coating systems are 

created using a variety of thin film coating techniques such as thermal evaporation, sol-gel, 

magnetron sputtering, chemical vapor deposition (CVD), etc. These coatings contain 

powerful antimicrobial agents that have the ability to kill or prevent microbes from 

adhering [54]. 

II.5.1 Bacterial Attachment 

Bacterial attachment is a process of colonizing a surface by bacteria and forming a 

biofilm due to the physicochemical interactions between microbial cell surface structures 

and the material surface (substrate) [55]. There are two unique stages of bacterial 

attachment or adhesion to a surface. the first stage of bacterial attachment when bacteria 

cell get into touch with material surfaces a  reversible adhesion occurs, It operates by van 

der Walls and electrostatic forces, the second  stage includes intermolecular interactions 

between components  on the bacterial cell structures and the substrate surface, 

which produce irreversible bacterial attachment, resulting in biofilm formation [55-57]. 

Bacteria cell surface structure (cell wall components) is an important factor influencing the 

ways in which organisms adhere to surfaces. Bacteria cell wall surfaces contain carboxyl, 

amino, and phosphate groups, which give them a net negative charge [58]. Most bacteria 

cell walls can be divided into one of two main categories (figure II.11). Gram-negative 

bacteria have a thin peptidoglycan cell wall and an outer membrane containing 

lipopolysaccharides that surrounds the cell. It includes numerous common organisms such 

as Escherichia coli, Salmonella Morganella, and Pseudomonas. While Gram-positive 

bacteria typically have a single membrane covered by a thick peptidoglycan such as 

Lactobacillus, Bacillus, Listeria, and Staphylococcus [59, 60]. 
 Furthermore, the substrate 

surface characteristics, involving surface charge density, wettability, roughness, surface 

topography and stiffness are also essential parameters affecting bacterial attachment to 

surfaces and biofilm development. On the other hand, many approaches have been created 

to inhibit biofilm formation and bacteria growth using an antibacterial surface design based 

https://en.wikipedia.org/wiki/Bacillus
https://en.wikipedia.org/wiki/Listeria
https://en.wikipedia.org/wiki/Staphylococcus
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on the incorporating of antibacterial agents into a coating, which solves the issue of 

bacterial contamination [58]. 

 

 

 

          

Figure II.11 Schematic diagram comparing (a) Gram-positive and (b) Gram-negative 

bacteria cell membranes [61]. 

 

II.5.2 Antibacterial coating classifications  

In order to avoid the spread of bacteria and the development of biofilm, 

antibacterial coatings are effective strategies and promising candidates against several 

harmful microorganisms [62, 63]. Antibacterial or antimicrobial coatings are classified 

based on the antibacterial agents or materials included in the coating (figure II.12). They 

are divided into organic antibacterial coatings such as chlorhexidine, 

triclosan, polyaniline and polyethylenimine or inorganic antibacterial coatings, which 

include metals (Fe, Ag, Cu and gold Au) and metal oxides (TiO2, ZnO and MgO ) in their 

(a) 

(b) 

 

https://www.sciencedirect.com/topics/materials-science/polyaniline
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micro or nano forms, which have been demonstrated to be favorable antibacterial coating 

agents in different fields, including medicine, food storage, and water treatment [63, 64].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure II.12 Classification of different antimicrobial agents /materials for development of 

antimicrobial surface coating  [63]. 

 

 

In this study, the inorganic antibacterial coating agents used, as well as their mechanism of 

toxicity to bacteria are listed in this section. 

 

II.5.2.1 Titanium dioxide antibacterial coating agent  

When a TiO2 coated surface exposed to UV radiation (wavelength <385nm), its 

antibacterial activity is activated, leading to the formation of various reactive oxygen 

species (ROS) such as hydroxyl radicals and hydrogen peroxide (figure II.13), which kills 

bacteria that attach to a surface [65]. The antibacterial ability of TiO2 semiconductor under 

UVA light was first proposed by Matsunaga et al [66], Since then, numerous studies have 

been confirmed that TiO2 photocatalyst is a powerful agent for killing a variety of 

microorganisms including Gram-negative and Gram-positive bacteria and fungi [67- 71]. 
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Figure II.13 Schematic representation of a photoactivated surface and the mechanism of 

photocatalysis of TiO2 [71]. 

On the other hand, studies have found that the presence of metal antibacterial agents, such 

as Cu [72], Pt [73], Fe [74], and Ag [75], improves the killing actions of photocatalyst 

TiO2. Table II.2 presents different studies on pure and modified TiO2 coated films tested 

against various microorganisms and their antibacterial applications  [67, 3]. 
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Table II.2 Summary on studies of the antibacterial properties of pure and modified TiO2 

coatings synthesized by different methods and their applications. 

Coating 

Composition  
 

Coating 

Technique  
 

Bacteria/ Microbial 

Strains   

Applications Ref. 

 

Fe-TiO2 thin 

film   

Sol–gel spin-

coating 

Escherichia coli Disinfectant treatment 

of water and air 

[76] 

TiO2 thin film   Sol-gel dip-coating Streptococcus mutans 

and Porphyromonas 

gingivali 

Orthodontic 

application 

 [77]  

Fe‑ or 

Ag‑doped 

TiO2– MWCNT 

nanocomposite 

thin films   

Sol–gel drop 

coating  

Escherichia coli Environmental 

protection applications 

[78] 

TiO2 coating  Physical vapor 

deposition 

Streptococcus mutans Orthodontic Wires  [79] 

Thin film TiO2 Dip coating Escherichia coli K-12 

Escherichia coli 

(ESBL E. coli) (CAH 

57), methicillin 

resistant S. aureus 

(NCTC 10788), P. 

aeruginosa (NCTC 

10662) and C. difficile 

(NCTC 11204) 

Surfaces and medical 

devices  

[80] 

Anatase 

TiO2 thin films 

Sol–gel and reverse 

micelle  

Escherichia coli DH5, 

JM109 and XL1 Blue 

MRF 

/ [81] 

Anatase TiO2 

(film) -covered 

disk  

Plasma source ion 

implantation (PSII) 

Actinobacillus 

actinomycetemcomita

ns and Fusobacterium 

nucleatum  

Dental implants [82] 

TiO2-Coated 

filters  

/ Escherichiacoli (E. 

coli),Bacillussubtilis(

B. 

subtilis)endospores,ye

astcellsofCandidafam

ata (C. famata) var. 

flareri, and spores of 

Penicillium citrinum 

(P. citrinum) 

Indoor air quality 

applications 

[83] 

TiO2 thin film Magnetron 

sputtering 

Escherichia coli 078 / [84] 

TiO2  coated 

surface 

 Sol-gel dip-coating  Porphyromonas  

gingivalis  

Orthodontic wires [77] 
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❖ Toxicity of photoactivated TiO2 against bacteria 

TiO2 antibacterial action is typically related to reactive oxygen species (ROS) with high 

oxidative potentials (figure II.14). Bacteria cells are damaged by ROS through a variety of 

mechanisms [90]. Numerous research efforts propose that photoactivated TiO2 toxicity causes 

damage of the cell wall of bacteria [91, 92, 65]. Kiwi and Nadtochenko [93] demonstrated 

that the three major cell wall constituents LPS (lipopolysaccharides), PE (phosphatidyl-

ethanolcholine), and PGN (peptidoglycan) of E. coli were all peroxidized by TiO2 surfaces; 

leading to the death of the bacteria [65]. The basic mechanisms suggested by several 

researchers are as follows [67, 71, 90, 94]: 

• Disruption of the bacterial cell wall and cytoplasmic membrane due to the potential 

ROS ( HO•, O2
•−) attack, which is followed by the leakage of cellular components, 

e.g. cations, and protein, resulting in bacteria cell damage. 

• Once the cell wall and cytoplasmic membrane become permeable ROS can 

penetrate the cell and inactivate internal cell components such as DNA, coenzyme-

A... etc leading to bacteria death.  

 

 

 

 

 

Ag/TiO2 nanoco

mposite thin 

film 
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Staphylococcus 
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 , Escherichia coli  

Catheters ( medical 

devices) 

[85] 

TiO2 coated 

film  

Dip-coating Aspergillus niger 

AS3315 

Coated wood surface  [86] 

Ag-TiO2 thin 

films 

Anodic oxidation Escherichia coli  

(strain DH5) 

Water disinfection  [87] 

Thin surface 

films of TiO2, 

CuO and 

TiO2/CuO dual 

layers 

Atmospheric 

chemical vapour 

deposition 

Escherichia coli  

ATCC 10536 and 

bacteriophage T4 

Applications in the 

food and healthcare 

industries 

 

[88] 

TiO2 coated 

soda lime glass 

Spray pyrolysis Pseudomonas 

aeruginosa 

  

/ [89] 

https://www.msdmanuals.com/fr/accueil/infections/infections-bact%C3%A9riennes-bact%C3%A9ries-gram-positives/infections-%C3%A0-staphylococcus-aureus
https://www.msdmanuals.com/fr/accueil/infections/infections-bact%C3%A9riennes-bact%C3%A9ries-gram-positives/infections-%C3%A0-staphylococcus-aureus
https://www.msdmanuals.com/fr/accueil/infections/infections-bact%C3%A9riennes-bact%C3%A9ries-gram-positives/infections-%C3%A0-staphylococcus-aureus
https://www.msdmanuals.com/fr/accueil/infections/infections-bact%C3%A9riennes-bact%C3%A9ries-gram-positives/infections-%C3%A0-staphylococcus-aureus
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Figure II.14 Mechanism of photocatalytic inactivation of bacteria cell by TiO2 coated 

surface [71].  

 

II.5.2.2 Silver coated surface  

Silver in its micro or nano forms has been well known for its antibacterial properties 

for a long time, it is regarded as an antibacterial agent due to its great thermal stability and 

toxicity effect against a wide range of bacteria, viruses, and fungi [95, 96]. Silver coated 

surfaces are an excellent disinfection systems offer high antibacterial activity, inhibiting 

biofilm development and inactivating microorganisms, which make them suitable for use 
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in medical applications as coatings in bone prostheses and surgical devices, as well as 

disinfection coatings in air/water filters and on touch surfaces [97]. 

❖ Mechanisms of silver toxicity 

The antibacterial action of silver is attributed to the silver ion Ag+ released [98]. By 

reacting with water, bodily fluids, or tissue exudates, silver compounds, metallic silver 

(particles, and nanoparticles) can be ionized to the active species Ag+ [98, 99]. Jung et al. 

reported that silver ions have the ability to kill both Escherichia coli and Staphylococcus 

aureus  pathogenic bacteria [100]. The three possible mechanisms of silver toxicity are: a) 

Ag+ can attach to bacteria cell by the interaction with thiol groups and protein residues on 

cell membranes, it has been found that the interaction of silver with thiol groups in 

enzymes and proteins plays a vital role in the destruction of bacteria  [65, 99]. b) When 

Ag+ penetrates into the bacteria cell, it prevents cell division and disrupt the cell 

membrane. Moreover, silver ions can produce ROS, which may attack and damage many cellular 

components [65, 101]. C) The intracellular absorption of Ag+ affects enzyme systems, 

causing in dysfunctional respiratory processes and also RNA and DNA replication, which 

results in the death of bacteria [65, 99]. 

II.5.2.3   Iron and its toxicity 

In numerous biological processes, including DNA synthesis and energy 

metabolism, iron is a necessary element for bacterial existence  [102]. However, excessive 

amounts of iron can be fatal to bacterial cells. Under physiological conditions, iron 

predominantly exists in two reversible redox states [103], the reduced Fe2+ and the 

oxidized Fe3+. Fe2+ reacts with H2O2 to form ROS such as hydroxyl radicals ( HO•)through 

the Fenton reaction [104] or by photo-Fenton process when the reaction occurs under light 

irradiation [105, 106], Fagali et al. [107] demonstrated that microorganism cells interacting 

with Fe particles produced intracellular ROS. The ROS generated are highly oxidizing 

agents that can damage bacteria cells. Iron and iron oxide can be used as an antibacterial 

coating to prevent bacteria colonization on material surfaces, especially in healthcare 

settings including indoor or outdoor spaces, hence reducing pathogens contamination [106, 

108]. Iron toxicity action is related to  HO• radicals, which can kill bacteria by causing 

oxidation of lipids in the cell membrane and damage protein and DNA, leading to cell 

death [103]. 
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II.6 Conclusion 

We have seen in this chapter that antibacterial coatings are easy to apply using a 

variety of thin film deposition processes, in particular, the thermal evaporation technique 

used to make our samples. Furthermore, we will go into more detail about antibacterial 

coatings consisting of antibacterial agents or materials including TiO2, Ag and Fe and their 

mechanism of action, which are regarded to be effective antibacterial systems for killing or 

inhibiting bacteria colonization, thus reducing numerous environmental and health 

problems. 
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III.1 Introduction  

This chapter contains a detailed description of the used materials and the 

experimental procedures adopted to prepare TiO2 composite thin films via thermal 

evaporation method.  As well as, the Escherichia coli inactivation efficiency of the films 

was investigated. In order to better understand the relation between the different properties 

of the prepared films with their photocatalytic antibacterial activity, various 

characterization techniques were employed. These characterization methods, equipments, 

and their working principle are discussed in this section. 

III.2 Materials and chemicals  

For the experimental aspect, a variety of chemicals were used in this work. The essential 

reagents have been showed in table III.1 

 

Table III.1 Chemicals used in this study. 

Reagents Formula Purity  

 

Manufacturer  

 

Titanium dioxide TiO2 99.50% Sigma Aldrich 

Iron  Fe 99.00% Biochem 

Silver lump Ag 99.99% GoodFellow 

Absolute ethanol  C2H6O 99.00% Sigma Aldrich 

Acetone  C3H6O ≥99.50% Sigma Aldrich 

 

III.3 Microorganism 

Strain of Escherichia coli ATCC was obtained from medical analysis laboratory 

selected as a model for testing photocatalytic antimicrobial activity. Escherichia coli 

(E.coli) is prokaryotic cell (figure III.1) in the form of a rod (bacillus) Gram-negative 

bacterium that is the most favorable model organism for the study of many fundamental 

aspects of biochemistry and  biology, because of their comparative simplicity, its ability to 

grow fast and using cheap media [1, 2]. E. coli strain can be revived by inoculation on 

blood agar, nutrient agar, or any nonselective media and incubated at 37 °C for 18 – 24 h. 

It can be found from water, soil, contaminated food material, and surfaces [3]. Figure III.2 

shows Escherichia.coli colonies on a petri dish agar plate used in our study.  
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Figure III.1 Prokaryotic cell structure [4].  

 

 

 

 

Figure III.2 Escherichia coli colonies on nutrient agar. 
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III.4 Experimental procedures of TiO2, TiO2-Fe, and Ag-TiO2-Fe composite 

thin films 

III.4.1 Substrate preparation  

In our study all the films were deposited onto glass substrates. Glass is an amorphous 

solid material; it is commonly used because of its several properties such as transparency, 

heat resistance, insulation and chemical resistance. The substrates (microscope slides) 

dimensions were 25 ×75 ×1.0 mm. 

 

• Cleaning process 

For certain thin film coatings and applications, substrate cleaning process is very 

important step to realize the fabrication of a high quality thin films without particle 

contamination, by removing hydrocarbons, metal contamination, organic contamination, 

ionic contamination, water molecules, and other particles or contaminants from a substrate 

surface before thin film deposition step. This process greatly improves adhesion to the 

substrate, leading to better performance and reliability for the coating. In this work the 

glass substrates were ultrasonically cleaned for 10 min in acetone and ethanol solution, 

then drying by compressed air. 

III.4.2 Elaboration of TiO2, TiO2-Fe, and Ag-TiO2-Fe films by thermal evaporation 

method 

The thin film preparation and deposition process is carried out by the thermal evaporation 

unit, which is a homemade system developed in our institution (centre de développement 

des technologies avancées (CDTA)).  

 III.4.2.1 Description of the instrument and experimental technique 

TiO2, TiO2-Fe, Ag-TiO2-Fe composite thin films were elaborated using thermal 

evaporation process [5]. The evaporator system is equipped with a pumping unit; usually 

low pressures are used, about 10-6 or 10-5 mbar. It is consists of a vane pump for the 

primary vacuum of the order of 1. 10-2 mbar and oil diffusion pump for the secondary 

vacuum (figure III.3). In the vacuum chamber, glass substrates are placed directly onto the 

substrate holder above the source (crucible) at a distance of 11 cm [6], the deposition 

process was carried out by heating a tungsten crucible (boat) with electrical current 

containing only pure TiO2 or a mixture of TiO2-Fe powders or Ag-TiO2-Fe with Fe fixed at 

5.0 wt% and different Ag lump mass ratio (0, 5, 10, 15 and 20 wt%). The mixtures were 

https://www.dentonvacuum.com/resources/what-is-thin-film-deposition/
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thermally evaporated to form a gaseous atmosphere, which condense to form our deposited 

thin films [7]. A schematic illustrating the thermal evaporation method is exhibited in 

figure III.4.  

 

 
         

 

Figure III.3 Photograph of the experimental thermal evaporation under vacuum system. 

 

 
 

 

 

         Pyrex  

 glass chamber  

   Transformer  

           The primary  

        vacuum display box  

 The secondary                        

vacuum display box 

The oil  diffusion     

pump 

The vane pump 

 

  Crucible (boat) 

 Substrate holder 

 



Chapter III                                                                                      Materials and methods 

 

72 
 

 
Figure III.4 Schematic diagram of vacuum thermal evaporation method [8]. 

 
 

 

III.4.2.2 Principles deposition parameters of the prepared thin films 

TiO2, TiO2-Fe and Ag-TiO2-Fe thin films were elaborated at high temperature and very 

low pressure; deposition parameters affect the properties and the quality of the thin films. 

The deposition parameters of the prepared samples are presented in table III.2:  

 

 

Table III.2 The deposition parameters of the prepared thin films. 

         Parameters 

 

Samples 

Primary 

pressure (mbar) 

Secondary 

pressure (mbar) 

Working 

pressure (mbar) 

Time of deposit 

(s) 

TiO2 1.7.10-2 2.6.10-5 8.5.10-5 45 

TiO2-Fe 1.63.10-2 1.7.10-5 6.10-5 40 

5Ag-TiO2-Fe 1.6.10-2 1.6.10-5 8.10-5 45 

10Ag-TiO2-Fe 1.9.10-2 2.9.10-5 6.7.10-5 40 

15Ag-TiO2-Fe 1.3.10-2 1.2.10-5 5.10-5 40 

20Ag-TiO2-Fe 1.67.10-2 2.7.10-5 5.0.10-5 42 
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III.4.3 Heat treatment  

After the deposition step, the heat treatment of prepared thin films has a vital role in 

the synthesis of nanoparticles, affecting morphology, crystallinity, porosity and phase 

transformation. The samples were annealed in air at 400 °C for 1h. The experiment 

flowcharts for pure TiO2, TiO2-Fe and Ag-TiO2-Fe composite thin films are shown in 

figure III.5: 
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Figure III.5 The experiment flowcharts for pure TiO2, TiO2-Fe and Ag-TiO2-Fe 

composite thin films. 
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III.5 Characterization techniques 

Several characterisation techniques have been applied in this work to identify and 

understand different aspects of the films produced, in this section chemical, structural 

analysis and other analysis techniques used at various stages to characterize TiO2, TiO2-Fe 

and Ag-TiO2-Fe composite films will be described. 

III.5.1 X-ray Diffraction  

X-ray diffraction (XRD) is one of the most powerful nondestructive technique used 

to identify the crystallographic structure of a material [9]. Moreover, the XRD can provide 

data on chemical composition, lattice parameters, impurities, geometry and defects, etc 

[10]. It is based on the constructive interference of monochromatic X-rays scattered at 

specific angles from each set of lattice planes in a sample [11]. Copper (Cu) or 

molybdenum (Mo) targets are bombarded with high energy electrons to produce X-rays. 

The released X-rays are then passed through a monochromator to produce Kɑ radiation 

from the respective metal. The intensity of the diffracted rays scattering at various angles 

of material are recorded by a detector and plotted to exhibit a diffraction pattern [10, 12], 

which is associated with d-spacing values of the corresponding structure. In order to 

diffract constructively the X-rays should satisfy Bragg’s law as follows (equation III.1) [9, 

13]; 

 

λ𝑛 = 2d sin 𝜃                            (eq.1) 

 

where λ is the wavelength of the incident X-rays, 𝑛 is the order of diffraction, d is the 

interplaner spacing and 𝜃 is the angle of incidence. Figure III.6 shows schema of the basic 

XRD principle. 

 

 

 

 



Chapter III                                                                                      Materials and methods 

 

75 
 

 
Figure III.6 Principle of X-ray diffraction [13]. 

 

 

The structural analysis of the prepared TiO2 composite films were determined using 

PANalytical X’Pert PRO MRD diffractometer with a monochromator using Cu Kα source 

(Kα1: 1.5406 Å) operated at 45 kV with 40 mA emission current. The scanning range was 

from 20° to 80°. The identification of phase was carried out by comparing the d-spacings 

obtained from the samples with the Joint Committee on Powder Diffraction Standards 

(JCPDS) standard database. 

 

III.5.2 Raman Spectroscopy 

Raman spectroscopy is an analytical technique used to identify molecules and study 

the vibrational, rotational and other modes of a molecular system. It based on the principle 

of inelastic scattering of monochromatic light from a laser source. The Raman 

scattering happens spontaneously when a molecule is excited from its stable state to a 

higher energy state by a photon with frequency ν0 from the incident beam of light [13, 14]. 

It is also known as the Raman effect. Rayleigh, Stoke, and Antistoke are three different 

types of scattering. Rayleigh scattering is an elastic interaction between a photon and a 

molecule. In this case the excited molecule returns to its initial vibrational state and emits 

light at the same frequency ν0 as an excitation source. The Stoke frequency is produced 

when a portion of the photon energy is transferred with frequency ν𝑚 and the resulting 

frequency of scattered light is reduced to ν0 − ν𝑚. Antistoke frequency is generated when a 

photon with frequency ν0 is excited by a Raman active molecule with already excited 

vibrational state, the energy level rises to ν0 + ν𝑚 [15]. Figure III.7 illustrates simplified 

diagram of Raman spectrometer. 
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Figure III.7 Instrumentation of Raman spectrometer [16].  

Raman spectroscopy uses scattered light to know about molecular vibrations, which can 

gives information about structure, symmetry, electronic environment and bonding of the 

molecule furthermore, it provides the quantitative and qualitative analysis of the individual 

compounds [17]. Micro-Raman measurements of the prepared films were performed at 

room temperature in a confocal microscope Horiba Jobin-Yvon LabRAM HR800 confocal 

microscope. Raman spectra were recorded under excitation at 633 nm line of a He-Ne 

laser. 

III.5.3 Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is a type of electron microscope and a helpful 

tool for investigating the topography and microstructure of many types of materials at 

greater depth. It is extremely popular because of its capacity to create three dimensional 

images. A highly focused electron beam produced from an electron gun interacts with a 

specimen, resulting in the emission of particles such as X-rays, primary electrons, 

secondary electrons and Auger electrons. The emitted particles are analyzed with the 

detector to yield information about the surface [9, 13, 18]. Images obtained by SEM can 

show details on size, shape, composition, distribution, material interface and cross section 

of films and bulk materials [19]. Figure III.8 represents the components of scanning 

electron microscopy (SEM).  
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Figure III.8 Schematic representation of the scanning electron microscope [20].  

 

 

In addition, SEM is also equipped with energy dispersive X-ray (EDX) spectrometer; this 

technique provides an overall mapping of the sample by using the X-rays to determine the 

elemental compositions at small localized areas of the sample [9, 13]. The surface 

morphology of the prepared films was investigated with a FEI Inspect scanning electron 

microscope (SEM) operating at 15 kV.  

III.5.4 UV-Vis-NIR spectroscopy 

UV-Vis-NIR spectroscopy is an efficient technique for studying the optical 

properties of liquid solutions and solids materials in different forms (semiconductors, thin 

films, bulk materials and nanoparticles) [9, 14]. Ultraviolet–visible–near–infrared (UV–

vis–NIR) spectroscopy analyzes a large wavelength range of (200–2500 nm), which is 

divided into the appropriate UV, Vis, and NIR regions of the electromagnetic spectrum. It 

is based on the absorption of light by the substance, which leads the excitation of the 

electrons from lower to higher energy levels [21]. When the light beam is passed through 

the sample, a part of the light may be absorbed, and the rest will be transmitted through the 

sample over a certain range of wavelength [13]. Figure III.9 schematically shows the 

principle of a UV-visible spectrometer. 
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Figure III.9 Schematic diagram of UV-Vis spectrometer [22]. 

The transmission (T) and the absorbance (A) of various materials is calculated by the using 

the following formulas [23]; 

 

T = 
𝐼

𝐼0
                                                (eq.2) 

A = – log T                                           (eq.3) 

where I is the intensity of transmitted light, I0 is the intensity of incident light. 

The transmittance and absorption spectra of different TiO2-based composite films were 

determined by using a Shimadzu UV-1700 UV-VIS-NIR spectrophotometer in the 

wavelength range of 300–1100 nm.  

III.5.5 Photoluminescence spectroscopy 

Photoluminescence (PL) spectroscopy is an advantageous method due to its non-

destructive nature and capacity to provide important data on both intrinsic and extrinsic 

transitions; it has been quite successful and preferred choice of the optical characterization 

techniques because of the simplicity of the method and no sample processing requirements 

[24, 25]. In Photoluminescence (PL) spectroscopy, laser beam is directed onto a sample, 

which inducing an electronic photoexcitation and as these states relax the optical emission 

is analyzed [26] (figure III.10), this is in order to determine material properties including 

Source 

Entrance 
     Slit 

Dispersing 
    Device 

            Monochromator 

  Exit Sit 

     Cuvette 
(Sample holder) 

Detector 

https://www.sciencedirect.com/topics/chemistry/photoluminescence
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electronic structure of the materials, energy transfer, impurities and also surface defects 

[27].  

 

Figure III.10 Principle of the photoluminescence (PL) spectroscopy [28]. 

Micro-Photoluminescence (µ-PL) measurements of the samples were performed at room 

temperature in a Horiba Jobin-Yvon LabRAM HR800 confocal microscope. The UV 

excitation sources employed include a He-Cd laser operating at λex= 325 nm.  

III.5.6 Antibacterial activity test 

The antibacterial activity of pure TiO2, TiO2-Fe and Ag-TiO2-Fe composite thin 

films with different Ag content was investigated using the so-called antibacterial drop-test. 

The test was carried out against Escherichia coli (E. coli) as a model for the Gram-negative 

bacteria in the dark and under UV light. 

III.5.6.1 Bacterial growth  

The bacterial stock was stored in preservation agar tube at (2 – 4 °C) for short-term or 

long-term storage of bacterial isolates in the deep freezer (-70 to -80 °C). In order to 

always keep the availability of strain, a subculturing procedure is carried out [29, 30]. This 

process is done by following these steps: 

 Under sterile conditions, small volume of E.coli is taken from the stock culture and 

streaked onto nutrient agar plates using a sterile inoculation loop. Then the streak plate is 

https://en.wikipedia.org/wiki/Inoculation_loop
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incubated at 37 °C for 24 h. After given time for growth, separated (or isolated) colonies 

are formed (figure III.11), the next step, an isolated colony is subcultured to fresh nutrient 

agar medium and so on to prolong life of cells [29]. 

 

 

  

 

 

                          

 

 

 

Figure III.11 Subculturing method of E.coli. 

 

III.5.6.2 Antibacterial activity test of the prepared coating films (in the dark) 

In this part of the procedure, all glassware and samples were autoclaved for 15 min at 120 

°C to sterilize them. The thin films (size of 15 mm × 10 mm) were placed in a sterilized 

petri dish. Then, 100 µL of bacteria suspension (105 CFU/mL) was dropped onto the 

surface of the control sample and the coated thin films, the plates were then incubated at 

37 °C for 1 h in the dark. Following that, 5 mL of sterile physiological saline were used for 

washing bacteria from the sample surfaces. Subsequently, 50 µL of every diluted solution 

were spread onto nutrient agar plates. After being incubated for 24 h at 37 °C, the number 

of viable bacteria colonies on the agar plates was counted. The reported values are 

averages of three similar independent experiments [7].The bacteria killing percentage 

“BK” was calculated by using (equation III.4) as follow:  

 

       BK =  
𝐴 − 𝐵

𝐴
× 100%                      (eq.4) 

where, A and B are the number of bacteria colonies grown in the culture medium 

corresponding to the control sample and coated films, respectively. 

 

Preservation agar tube   Nutrient agar plates 

Streaking of E.coli Stock culture  
 

After incubation 

 Isolated colonies of E.coli 
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III.5.6.3 Antibacterial activity test of the prepared coating films (under UV light) 

Under UV light, the antibacterial activity of the samples was determined according to the 

same procedure steps described above, and examined under similar conditions as in the 

dark. However, the samples were continuously irradiated with a UV light lamp (8 W, 365 

nm, Philips) for 1 h at 37 °C incubation. The bacteria viable count was determined as in 

(equation III.4). Figure III.12 demonstrates the test method for antibacterial evaluation. 

 

                   

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure III.12 Illustration of the antibacterial test. 
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III.6 Conclusion 

In this chapter, we have attempted to highlight the various materials utilized in this 

study and the experimental procedures followed for fabricating the TiO2 composite thin 

films. In addition to describing the characterization techniques applied to analyze the 

different properties of the films. Finally, we have given the experimental details of the 

antibacterial test of prepared films against Escherichia coli. 
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IV.1   Introduction  

In this chapter the results on the characterization of pure TiO2, TiO2-Fe and Ag-

TiO2-Fe thin films with varied silver contents prepared by thermal evaporation technique 

are discussed. The effect of silver content and the presence of iron on structural, 

morphological, chemical, optical and antibacterial properties on unmodified TiO2 thin 

films are studied. Furthermore, the antibacterial efficiency of the prepared films against 

E.coli bacteria in dark and under UV light is investigated. 

IV.2   Analysis and characterization of composite thin films 

IV.2.1   XRD characterization  

The XRD patterns of TiO2, TiO2-Fe, and Ag-TiO2-Fe composite films with varied 

Ag contents annealed at 400 °C for 1 h are illustrated in figure IV.1. The Pure TiO2 and 

TiO2-Fe films show no diffraction peaks, hence they are in amorphous form. The films 

started to crystallize into the anatase phase when Ag was added to TiO2-Fe films. As a 

result, it was observed that the intensity of the diffraction peaks rises with increasing Ag 

content. This increase is especially remarkable for Ag content at 15%, which signifies an 

improvement in the crystallinity of the films [1]. A series of diffraction peaks are detected 

for Ag-TiO2-Fe composite films at 25.3°, 37.0°, 38.0°, 38.5°, 48.0°, 54.0°, 55.0°, 62.0°, 

62.7°, 68.0°, 70.1°, and 75.1° corresponding to the (101),(103), (004), (112), (200), (102), 

(211), (213), (204), (116), (220), and (215) crystallographic planes of TiO2 anatase phase 

(JCPDS no. 21-1272), with no additional TiO2 phases. The other peaks located at 38.1°, 

44.2°, 64.5°, and 77.5° are assigned to the (111), (200), (220), and (311) crystal planes 

associated with the face-centered cubic (fcc) structure of metallic silver (JCPDS card no. 

04-0783). The diffraction peaks corresponding to (004) of TiO2 and (111) of Ag is very 

close to one another. Thus, it is difficult to differentiate the Ag signals from the TiO2 

signals. 

There are no diffraction peaks associated with iron or iron oxides, which could be 

explained by the low quantity of Fe present in the titanium oxide matrix [2]. The crystallite 

size of TiO2 in Ag-TiO2-Fe composite thin films with different Ag content (5, 10, 15, 20 

wt%) was calculated using Scherrer's formula (equation IV.1) [3] from TiO2 (101) main 

peak, the results are shown in table IV.1 
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         𝐷 =
0.9𝜆

β cos θ
                                           (eq.1) 

  

where: 

β (rad): the full width at half maximum (FWHM) of the (101) diffraction peak;  

θ (rad): the Bragg’s diffraction angle;  

λ: wavelength of the copper radiation (1.54060Å).  

Figure IV.1 XRD patterns of (a) pure TiO2, (b) TiO2-Fe and (c-f) Ag-TiO2-Fe composite 

thin films at different Ag contents (5-20 wt%). 
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Table IV.1 XRD data of Ag-TiO2-Fe composite thin films. 

Sample 𝜷(𝒓𝒂𝒅) λ( nm) 𝜽(𝒓𝒂𝒅) d(101)(Å) Crystallite 

size D(nm) 

5%Ag-TiO2-Fe 0.004305 0.15406 0.22194375 3.508568417 33.1014794 

 

10%Ag-TiO2-Fe 0.004305 0.15406 0.221449375 3.5162729277 33.0978110 

 

15%Ag-TiO2-Fe 0.004305 0.15406 0.221356625 3.5177222424 33.0971237 

 

20%Ag-TiO2-Fe 0.004305  0.15406 0.221571 3.514374266 33.0987126 

 

 

Table IV.1 shows that there is no significant change in TiO2 crystallite size with 

increasing silver content in all Ag-TiO2-Fe composite thin films, and these results are in 

agreement with the literature [4, 5]. The crystallite size of TiO2 is estimated to be around 

33 nm [2]. 

 

IV.2.2   Raman Analysis  

Figure IV.2 presents the Raman spectra of pure and modified TiO2 thin films 

annealed at 400 °C. The Raman spectra of pure TiO2 and TiO2-Fe thin films clearly show 

the amorphous characteristic; this coincides completely with the obtained XRD results. It 

can be seen that the Ag-TiO2-Fe composite films exhibit a main characteristic peak slightly 

above 151 cm-1 is attributed to the Eg(1) mode of anatase. Whereas at 15 and 20 wt% of 

silver content two weak bands appeared at 640 cm-1, which corresponds to the Eg(3) 

Raman active modes of anatase phase [6], and the other one at 328 cm-1 can be ascribed to 

the Ag–O stretching vibration [7, 8] as a result of the oxidation of a few Ag nanoparticles 

on irregularities such as pits or bumps formed on the surface of the composite thin films, 

on which the Ag atoms could preferentially locate [2]. No characteristic bands of iron 

species were observed due to the low level of Fe present in the samples. With increasing 

silver content (from 5 to 20 wt%), the main peak Eg(1) in Ag-TiO2-Fe composite thin films 

shifts towards higher wavenumber (from 151 to 158 cm-1) compared to typical TiO2 

bonding modes [9]. This shift in Raman peaks can be attributed to nonstoichiometry 

defects in structure and surface interaction between metal and TiO2 [10, 11]. In addition, 
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the increase in silver content enhanced the Eg(1) Raman intensities of Ag-TiO2-Fe samples 

significantly at 15 wt% Ag. The observed rise in Raman intensity can also be related to the 

surface-enhanced Raman spectra (SERS) characteristic of Ag. Similar results have been 

reported by Xu et al [12].  

 

 
Figure IV.2 Raman spectra of (a) pure TiO2, (b) TiO2-Fe and (c-f) Ag-TiO2-Fe composite 

thin films at different Ag contents (5-20 wt%). 
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IV.2.3   Morphology of the samples  

Figure IV.3 shows the SEM morphology of pure TiO2, TiO2-Fe, and Ag-TiO2-Fe 

composite thin films with different Ag content after annealing at 400 °C for 1 h. It could be 

seen that the pure TiO2 film shows a uniform bubble distribution (figure IV.3 (a)). The 

surface morphology of the deposited TiO2 film became smoother after the addition of Fe, 

which resulted in the disappearance of the bubbles (figure IV.3 (b)). However, silver 

content has a considerable impact on the surface morphology of the composite thin films. 

At 5 wt% Ag the composite film exhibited a random distribution of particles containing 

bright spots of different sizes of metallic silver (confirmed by the EDX analysis) dispersed 

upon the flat surface of TiO2 (figure IV.3 (c)). With increasing silver content to 10 wt% 

the film displayed a flat surface morphology with voids (figure IV.3 (d)), For higher silver 

content (15, 20 wt%), Ag nanoparticles (bright spots) are uniformly distributed on the 

whole surface (inset of figure IV.3 (e)) with varied sizes ranging from 70 to 400 nm 

and the film structure becomes smoother and more homogeneous (figure IV.3 (f)) [2]. 
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Figure IV.3 SEM images of (a) pure TiO2, (b) TiO2-Fe and (c-f) Ag-TiO2-Fe composite 

thin films at different Ag contents (5-20 wt%). 
 

 

IV.2.4   EDX analysis of the prepared samples 

EDX analysis of the pure TiO2, TiO2-Fe and Ag-TiO2-Fe composite films was 

carried out to determine the chemical composition of the prepared films, the qualitative 

results acquired are given  in figure IV.4 (a, b) and figure IV.5 (c-f). The EDX spectrum 

of the pure TiO2 and TiO2-Fe films (figure IV.4 (a, b)) displayed energy peaks from Ti, O, 

and Fe which generated by the films. Additional energy peaks including Si, Ca, Al, Mg, 

Na, etc. were also detected, which correspond to the glass substrates on which the films are 
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grown. Similar results are reported by Moslah et al [13, 14]. The EDX analysis of Ag-

TiO2-Fe composite films with varied silver content (5-20 wt%) is presented in figure IV.5 

(c-f). All spectra exhibited characteristic silver peaks around 3 keV, this confirmed the 

presence of silver particles on the TiO2-Fe surface, and the bright spots found distributed 

on the TiO2-Fe surface at 15Ag wt% as indicated in the previous SEM images (figure 

IV.3(e)) were identified as silver nanoparticles according to the elemental mapping (figure 

IV.6). Whereas the produced Si, Ca, Mg, Al, Na energy peaks were associated with the 

glass substrate [13, 14].  
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Figure IV.4 EDX spectra of (a) pure TiO2, (b) TiO2-Fe thin film. 

 

 

(a) 

(b) 



Chapter IV                                                                                      Results and discussion 

94 
 

2 4 6 8 10
0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

22000

C
o

u
n

t
s

Energy (KeV)

 5Ag-TiO
2
-Fe

Si

O
Na

Mg

Al
Fe

Ti

Ti

Ca

CaFe
Ag

 

2 4 6 8 10
0

2000

4000

6000

8000

10000

C
o

u
n

t
s

Energy (KeV)

10Ag-TiO
2
-FeSi

Ag

Ag

O

Na

Mg
Al

Ca

Ca

Ti

Ti FeFe

 

2 4 6 8 10
0

2000

4000

6000

8000

10000

C
o

u
n

t
s

Energy (KeV)

 15Ag-TiO
2
-FeTi

Ti

Fe

Si

O

Al

Na
Mg Ca

Ag

Ag

 

 

2 4 6 8 10
0

2000

4000

6000

8000

10000

C
o

u
n

ts

Energy (KeV)

 20Ag-TiO
2
-FeSi

Ti

Ti

Fe

Ag

Ag

Ca

O

Na Al
Mg

 Figure IV.5 EDX spectra of Ag-TiO2-Fe composite thin films at different Ag contents. 
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Figure IV.6 Elemental mapping of 15%Ag-TiO2-Fe composite thin film. 

 

IV.2.5   UV–vis–NIR spectroscopy analysis 

IV.2.5.1   Optical transmittance of the prepared films 

Figure IV.7 depicts the optical transmittance spectra of TiO2, TiO2-Fe, and Ag-

TiO2-Fe composite films with different Ag contents measured in the region of (300-1100 

nm) by using UV-VIS-NIR spectrometer at room temperature. It is evident that, among the 

samples, the pure TiO2 film exhibits the highest level of transparency, approximately 

83.02%, within the visible region. However, the presence of iron (Fe) results in a 

noticeable reduction in transmittance, which decreases to around 76.84%, particularly in 

the infrared region. Interestingly, after introducing silver into the TiO2-Fe composite thin 

films, the transmittance further decreases in a rapid manner in the visible region with 

increasing silver content. The observed oscillation in the transmittance spectra is due to the 

interference that occurs between the interfaces of the air-film and film-substrate [15]. 
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Figure IV.7 Transmission spectra of pure TiO2, TiO2-Fe and Ag-TiO2-Fe composite thin 

films at different Ag contents. 

  

IV.2.5.2   Absorbance of the prepared films 

The optical absorbance spectra obtained from the TiO2, TiO2-Fe and Ag-TiO2-Fe 

films are plotted in figure IV.8. Notably, the introduction of Fe and Ag into the TiO2 

matrix enhances absorption in the visible region and the absorption edge of the TiO2-Fe 

and Ag-TiO2-Fe composite thin films exhibited a redshift, which becomes more 

pronounced as the Ag content increases. Furthermore, large absorption bands at 467, 474, 

and 389 nm are observed in the 10%, 15%, and 20% Ag-TiO2-Fe composite films, 

respectively. These broad absorption bands are associated with the surface plasmon 

absorption (SPA) of Ag nanoparticles [16, 17], it is worth noting that the location of SPA 

band of silver nanoparticles can be affected by a variety of parameters, including their size, 

shape, and surface charge chemistry [16]. 
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Figure IV.8 UV–vis–NIR absorption spectra of pure TiO2, TiO2-Fe and Ag-TiO2-Fe 

composite thin films at different Ag contents. 

 

The optical band gap (Eg) of the prepared films calculated by the Tauc method (equation 

IV.2)) [18]; 

         𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)1/2                          (eq.2) 

where hν is the photon energy, α is the absorption coefficient, A is the proportionality 

constant, and Eg is the optical band gap. 

The optical indirect band gaps (Eg) are given in table IV.2 and the graphs of 

(𝛼ℎ𝜈)1/2 versus hν of samples are presented in figure IV.9. It is obvious that the Eg values 

of the modified films decrease with the addition of Fe and Ag compared to pure TiO2. 

While the Eg values of the composite films further decrease at higher silver levels (10, 15, 

and 20 wt%). Other investigations have documented the decrease in optical band gap with 

the incorporation of Fe or Ag metals [19, 10, 20].  The reduction in band gap is caused by 

intrinsic and extrinsic defects created into the band gap of anatase TiO2, where the 

absorption edge shifted toward longer wavelengths, this leads to an improvement in the 

photocatalytic activity [2]. 



Chapter IV                                                                                      Results and discussion 

98 
 

Figure IV.9 Plots of (𝛼h𝜈)1/2 versus h𝜈 to determine band gap of each samples. 

Table IV.2 Band gap energy of all samples. 

Samples Band gap (eV) 

TiO2 3.31 

TiO2-Fe 3.24 

5Ag-TiO2-Fe 3.29 

10Ag-TiO2-Fe 3.18 

15Ag-TiO2-Fe 3.13 

20Ag-TiO2-Fe 3.09 

 

IV.2.6   Photoluminescence analysis 

Photoluminescence (PL) emission analysis has been frequently employed in order 

to comprehend the separation and recombination of the electron-hole pairs, which 

represent the fundamental processes in the domain of photocatalysis [21]. Figure IV.10 

illustrates the PL emission spectra of the prepared films excited at a wavelength of 325 nm 

at room temperature. The PL spectra of all the prepared films possess emission peaks 
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between 404 and 410 nm, which may be attributed to free exciton recombination [22, 23] . 

There is also a visible emission peak centered at 516-707 nm, which is generally related to 

defects in structure and oxygen vacancy levels [23]. Furthermore, pure TiO2 had the 

highest PL intensity compared with the other samples; however, adding Fe and Ag to the 

TiO2 film resulted in a decrease in PL intensity.  It is observed that with increasing silver 

content, the PL peaks of Ag-TiO2-Fe composite thin films shift towards longer 

wavelengths and their intensities further decrease. A decrease in the PL intensity signifies a 

lower recombination rate of electron-hole pairs and thus, higher separation efficiency [24]. 

Ag can act as a trap, capturing photogenerated electrons from the TiO2 conduction band, 

preventing electron–hole pairs recombination. As a result, electron–hole separation is 

promoted, as well as more photogenerated charge carriers actively engage in photokiling 

[21, 24, 25], thereby elevating the photocatalytic efficiency and antibacterial properties [2]. 

 

Figure IV.10 Photoluminescence (PL) spectra of pure TiO2, TiO2-Fe and Ag-TiO2-Fe 

composite thin films at different Ag contents. 
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IV.3   Antibacterial activity testing of composite thin film against E. coli 

bacteria in the dark and under UV irradiation 

The antibacterial efficiency of the prepared thin films against Escherichia coli was 

investigated. The bacteria killing percentage for all the samples in the dark and under UV 

irradiation after 1 h of interaction are summarized in figure IV.11. In the dark experiment, 

the TiO2 thin film exhibited no antibacterial effect on E. coli. It was found that TiO2-Fe 

film did not show a significant bacterial reduction (20%), while Ag-TiO2-Fe composite 

films revealed higher antibacterial activity. The results showed complete bacteria 

inhibition (100%) when 20% Ag-TiO2-Fe was used, and bacteria killing percentage of 

94%, 87% and 55% were observed at 15, 10 and 5 wt% Ag, respectively. This indicates 

that the presence of silver was responsible for the antibacterial effect of the composite 

films in dark. It is worth noting that the antibacterial properties of silver have been 

extensively documented [26-28]. There was no obvious bacterial reduction in the control 

sample in the dark. 

Under UV irradiation, the control sample showed no reduction in bacteria, indicating that 

light irradiation had no adverse effect on bacteria without a catalyst. Pure TiO2 thin film 

possessed only 25% of bacterial reduction; this poor antibacterial activity may have been 

ascribed to the film amorphous nature. It is clearly seen that the reduction of E. coli was 

raised in case of the TiO2-Fe film (~50%) when exposed to UV light. This related to the 

presence of iron. On the other hand, the antibacterial activity of the Ag-TiO2-Fe composite 

thin films significantly improved under UV irradiation, these composite coatings exhibit 

excellent photo-killing activity of E.coli up to 81% bacterial reduction was found for 5 

wt% Ag, and 100% for each of 10, 15, and 20 wt% Ag-TiO2-Fe composite films, this 

attributed to the synergistic combination of titanium dioxide (TiO2) with silver (Ag) and 

iron (Fe) which present a powerful trio that emerges an excellent antibacterial effects; the 

TiO2 anatase phase is known for its exceptional photocatalytic properties, this crystalline 

structure exhibits high reactivity under UV light by producing ROS such as superoxide 

radicals and hydroxyl radicals which destroy organisms [29]. When combined with silver 

nanoparticles, known for their broad-spectrum antimicrobial activity, while iron acts as a 

co-catalyst, promoting electron transfer, which leads to boosted photocatalytic antibacterial 

efficiency of TiO2 [2].  
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Figure IV.11 Bacteria killing percentage of pure TiO2, TiO2-Fe and Ag-TiO2-Fe 

composite thin films at different Ag contents in dark and under UV irradiation. 

 

The spread plate technique for the drop test of the prepared films A (in the dark) and B 

(under UV irradiation) used to count the viable number of E. coli colonies is presented in 

figure IV.12 and figure IV.13 shows the bacteria survival percentage in dark (a) and under 

UV light (b). The results demonstrated a significant decrease in viable number of bacteria 

colonies with an increase in silver content on the Ag-TiO2-Fe composite films compared to 

pure TiO2 and TiO2-Fe films in the dark. It was observed that the antibacterial activity of 

all samples was improved under UV irradiation, with no colonies surviving on the surface 

of 10, 15, and 20 wt% Ag-TiO2-Fe composite films within 1 h under UV light [2]. 
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Figure IV.12 Photographs of agar plates containing viable E.coli colonies after 1h at 

37 °C: A) in the dark, B) under UV irradiation for (a) Control, (b) Pure TiO2, (c) TiO2-Fe 

and (d-g) Ag-TiO2-Fe composite thin films at different Ag contents (5-20 wt%). 

.  

 A 

B 
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Figure IV.13 Bacteria survival percentage of pure and modified TiO2 films: a) in the dark 

and b) under UV irradiation. 

 IV.3.1 Proposed antibacterial killing mechanism of the Ag-TiO2-Fe composite films 

Synergistic effect on the photokilling activity of E.coli was found for the Ag-TiO2-

Fe composite films under UV irradiation, the photokilling activity of anatase TiO2 

photocatalyst involves the generation of reactive oxygen species under UV light, which 

initiates from conduction band electrons or valence band holes provided by TiO2 via 

photo-excitation. The formation of reactive oxygen species (ROS) at films surfaces such as 

superoxide anion (O2
•−) and hydroxyl radicals (HO•) have high oxidative stress and 

possess strong antibacterial properties. This generated ROS interact with the bacterial cell 

membrane, causing damage to lipids, proteins, and DNA. This oxidative stress leads to the 
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disruption of cellular functions and, ultimately, bacterial cell death [29]. The addition of 

metals (Fe and Ag) in the TiO2 matrix had the dual effect of promoting the generation of 

more (ROS) under UV irradiation by inhibiting the electron–hole pairs recombination, 

resulting in improved antibacterial efficiency of composite films [30, 31]. Whereas iron 

can produce free radicals through photo-Fenton reaction reactions, causing oxidative 

damage to bacteria cell [32, 33]. On the other hand, silver is known to have antibacterial 

effects in itself [26]. In our case, it is supposed that Ag functioned as both a dopant and an 

antibacterial agent in the TiO2 matrix, in the dark; the silver nanoparticles play the main 

role as antibacterial agent in Ag-TiO2-Fe composite thin film to kill E. coli bacteria [2]. 

The antibacterial activity of silver is still unknown. Previous research has demonstrated 

that both Ag nanoparticles and released Ag+ exhibit antibacterial effects through several 

mechanisms [34, 35].  

The antibacterial mechanism of silver involves multiple actions, including 

membrane disruption, interference with DNA processes, generation of reactive oxygen 

species, inactivation of enzymes, and alteration of cellular proteins. These combined 

effects cause the death of bacteria [28, 36, 26]. Figure IV.14 depicts a proposed 

mechanism of antibacterial performance of Ag-TiO2-Fe composite thin films in the dark 

and under UV light. 

 

Figure IV.14 Schematic diagram of the antibacterial killing mechanism of the Ag-TiO2-Fe 

composite thin film in the dark and under UV light. 
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IV.4 Conclusion 

In summary, antibacterial Ag-TiO2-Fe composite thin films with varied silver 

content were successfully synthesized by thermal evaporation technique. The effect of the 

incorporation of iron and silver on several properties of TiO2 and on its antibacterial 

performance was studied. The results revealed that Ag-TiO2-Fe composite films exhibited 

great photo-killing activity against the E. coli strains under UV (365 nm) light, these 

composite films displayed complete bacteria inhibition (100%) when 10, 15 and 20% Ag-

TiO2-Fe was used. Moreover, it was observed that Ag significantly improves the 

antibacterial efficiency in the dark. Various parameters including band gap energy, 

crystallinity, phase purity, particle size, absorption of light, formation of electron–hole 

pairs, and generation of ROS were responsible for better antibacterial activity of the Ag-

TiO2-Fe coatings compared to pure TiO2 film.  
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Conclusion 

This research conducted provides a comprehensive study on the synthesis, 

characterization and evaluation of antibacterial activity against Escherichia coli bacteria in 

both dark and under UV light of new kind of composite thin films based on Ag-TiO2-Fe 

system.  

The modification of TiO2 by metal doping has a significant impact on the 

photocatalyst and its performance as antibacterial material. Photocatalytic antibacterial 

activity is affected by many factors including method of preparation, band gap energy, 

particle size, absorption of light, surface area, formation of electron-hole pairs, generation 

of ROS, crystallinity, phase purity, etc 

In this study, pure TiO2, TiO2-Fe, and Ag-TiO2-Fe composite thin films have been 

successfully synthesized by thermal evaporation method and subsequent annealing in air at 

400°C for 1h, The influence of Fe and Ag dopants as well as the variation in the silver 

content (5-20 wt%) on the properties and antibacterial performance of the composite films 

has been investigated. The films produced during this study were characterized using 

various techniques.  

Structural data revealed that adding Ag to the TiO2-Fe matrix resulted in the 

formation of anatase crystalline phase. It is noted that the presence of silver also enhance 

the Raman intensities of Eg(1) mode of anatase in Ag-TiO2-Fe composite films, which 

attributed to the surface-enhanced Raman spectra (SERS) characteristic of Ag. 

Morphological characterization confirmed the presence of silver in the metallic form 

(bright spots) in the composite films, where Ag particles with different sizes ranging from 

70 to 400 nm are uniformly distributed on the surface.  

Optical analysis showed that the pure TiO2 film had the highest transmittance (~ 

83.02%) in the visible region compared to the other samples. The obvious shift of the 

absorption edge toward the red region is due to the incorporation of Fe and Ag into the 

TiO2 lattice, which resulted in the reduction of the energy band gap of the TiO2-Fe and Ag-

TiO2-Fe composite films. Photoluminescence (PL) analysis showed that when silver 

content increases, the PL peaks of Ag-TiO2-Fe composite thin films shift to longer 

wavelengths and their intensities further decrease, which indicates a decrease in the 

recombination rate of electron–hole pairs, and consequently an improvement in separation 
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efficiency, which leads to the production of more ROS and the increase in photocatalytic 

efficiency as well as antibacterial properties.  

The antibacterial activity of the films was tested against E. coli bacteria in the dark 

and under UV light. Ag-TiO2-Fe composite films showed an increase in the antibacterial 

activity with increasing Ag content in the dark. The experimental results reveal 

antibacterial efficiency of 55%, 87%, 94%, and 100% for the 5, 10, 15, and 20 wt% Ag-

TiO2-Fe composite films, respectively. The Ag plays a major role in influencing the 

antibacterial efficiency in dark. Under UV irradiation, synergistic effect on the photokilling 

activity of E.coli was observed for the Ag-TiO2-Fe composite films, which exhibited 

higher photokilling activity than pure TiO2 and TiO2-Fe. Ag-TiO2-Fe composite films 

demonstrated an excellent photokilling activity of E.coli up to 81% bacterial reduction was 

observed for 5 wt% Ag, and 100% for each of 10, 15, and 20 wt% Ag-TiO2-Fe composite 

films.  

Based on all of these results, we conclude that Ag-TiO2-Fe films hold great promise 

as an effective antibacterial coating suitable for a range of applications, including medical 

devices, environmental surface disinfection, and water treatment field.  

Further investigations will be performed in parallel with the results of this research in the 

future. These are summarized as follows; 

• Explore the hydrophilic/hydrophobic properties of the Ag-TiO2-Fe coatings by 

measuring the contact angle of water droplet on the surface. In addition to study the 

durability and hardness of composite films. 

• Investigate the effect of the percentage of Fe and Ag added to titanium dioxide with 

the aim of reducing the amount of both metals to lower samples costs. 

•  Evaluate the antibacterial activity of the produced composite films against other 

types of microorganisms such as gram positive bacteria.  

• Conducting antibacterial experiments over shorter periods of time would be very 

interesting perspective. 

•  Evaluate the performance of Ag-TiO2-Fe antibacterial coatings in health care 

settings. 
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Appendix I 

 

 

Figure 1: JCPDS card of TiO2 anatase. 

 

 

Figure 2: JCPDS card of Ag cubic. 
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Appendix II 

 

Figure 1 presents the qualitative evaluation (zone of inhibition test), substrates coated with 

pure TiO2, TiO2-Fe and (5-20 wt%) Ag-TiO2-Fe films were placed on the solidified agar 

gel containing the spread bacteria suspension in different Petri dishes without UV 

exposure. Then the plates were incubated at 37 °C for 24 h. The result demonstrates that no 

zone of inhibition is evident surrounding the pure and TiO2-Fe coated substrate, whereas it 

is observed that 20% Ag-TiO2-Fe sample prevented the growth of bacteria remarkably and 

formed well-defined inhibition zones around the samples (inhibition zones with diameter 

of 2.4 cm) indicates the better antibacterial efficiency of sample against the E.coli 

compared with other samples. The presence of small and no clear inhibition zones around 

10 and 15% Ag-TiO2-Fe coated substrates and no direct measurable zone of inhibition 

could be attributed to the no sufficient contact of the Ag diffused into the agar with the 

bacterial strains.  

 

 

 

 

Figure 1: Zone of inhibition test results of the prepared films: (1) pure TiO2, (2) TiO2-Fe, 

and (3-6) Ag-TiO2-Fe composite thin films at different Ag contents (5-20 wt%). 
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Synthesis, Characterization, and Antibacterial Activity of
Ag–TiO2–Fe Composite Thin Films

Djihad Grine,* Hocine Akkari, Paloma Fernández, Tahar Mekhalif, Salim Hassani,
and Fouaz Lekoui

1. Introduction

Antibacterial coatings are one of the major topics of interest for
applications in many different fields. They have attracted
researchers due to their importance as inhibitors of microbial
adhesion and reducing biofilm formation. Antibacterial coatings
are used in medicine to protect medical devices against infec-
tions and for environmental surfaces in hospitals improving

the quality of healthcare.[1] Titanium diox-
ide (TiO2) is the most widely investigated
semiconductor as effective photocatalyst
because of its strong oxidizing power,[2]non-
toxicity,[3] and good chemical stability.[4] It
has been widely used in air and wastewater
purification,[5,6] and been applied in various
biomedical applications as well.[7] Anatase
TiO2 is a well-known photocatalytic material
under UV irradiation.[8] After exposure to
UV light, the photon energy excites electrons
from the valence band to the conduction
band, leaving positive charge holes (hþ).
The electrons (e-) in conduction band and
holes (hþ) in valence band react with water
and oxygen to generate reactive oxygen
species (ROS) such as hydroxyl radicals
(HO•) and superoxide anions (O2

•�); these
reactive oxygen species would be responsible
for deactivation of microbial organisms such
as cancer cells, viruses, and bacteria.[9,10]

A variety of attempts have been made to improve photocata-
lytic efficiency and antibacterial activity of TiO2 thin films.
Recently, researchers reported that modification of TiO2 by intro-
ducing various metals into the TiO2 matrix such as Fe, Co, Ag, Pt,
and Cr is a promising process to reduce the recombination rate
of the electron/hole pairs.[11–15] Furthermore, they could
enhance the photocatalytic activity in the visible light region
and increase the antibacterial performance.[6,16,17] Ag is one of
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Ag–TiO2–Fe composite thin films with different Ag contents are deposited onto a
glass substrate by a thermal evaporation method. TiO2, TiO2–Fe, and Ag–TiO2–Fe
thin films are characterized by X-ray diffraction (XRD), Raman spectroscopy,
scanning electron microscopy (SEM), UV–vis–NIR spectroscopy, and photolu-
minescence (PL) to study the relation between their structural, morphological,
optical, and luminescent properties with their antibacterial activities. XRD and
Raman measurements show the formation of the anatase phase with increasing
silver content in Ag–TiO2–Fe composite thin films. SEM images show the
presence of silver in the metallic form. Optical measurements display a redshift in
the optical absorption edge of TiO2–Fe and Ag–TiO2–Fe composite films with a
decrease in the energy bandgap compared to pure TiO2. The antibacterial activity
of the films against Escherichia coli is investigated both in the dark and under UV
light. It is found that Ag plays a major role on the antibacterial efficiency in the
dark. Ag–TiO2–Fe composite thin films exhibit a synergistic antibacterial effect
under UV light, resulting an excellent antibacterial coating.
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the most interesting materials due to their excellent physical and
chemical properties, catalytic activity, and low toxicity.[18,19] It is
well known as antibacterial agent from ancient time.[20] Several
researches demonstrated that Ag played a significant role in
enhancing the antibacterial properties of TiO2.

[21–23] Wahyuni
and Roto reported the inactivation of Escherichia coli (E. coli) bac-
teria by Ag nanoparticles incorporated in TiO2 matrix.[24] Several
articles have enlightened the inhibition mechanism of silver on
bacteria,[25–27] either by direct contact or by the action of released
silver ions (Agþ).[28] Materials based on metals and metal oxides
are one of the best candidates for reducing bacterial growth
which has been studied by several authors.[29–32] A significant
improvement in the antibacterial properties can be achieved
by introducing Fe into TiO2 matrix under UV irradiation.[3,33,34]

Trapalis et al. reported that Fe-doped TiO2 films show high anti-
bacterial activity eliminating the E. coli after 2 h illumination
under UV radiation.[34] Modified TiO2 in the form of thin films
finds greater technological importance because of their variety of
advantages and their role in different applications.[35] Many
methods have been employed to grow TiO2-based thin films such
as chemical vapor deposition,[36] electron beam evaporation,[37]

spray pyrolysis,[38] sol–gel,[39] and sputtering method.[40]

The aim of this study was to prepare Ag–TiO2–Fe composite
thin films as effective antibacterial coatings using thermal
evaporation method. The antibacterial activity of pure TiO2

and modified TiO2 thin films was tested against E. coli bacteria.
The influence of the incorporation of Fe and Ag on the TiO2 thin
film was explored. Furthermore, different Ag contents were used
to observe their effect on antibacterial performance of composite
films especially in the dark. The Ag–TiO2–Fe composite film is
more beneficial and has shown excellent antibacterial ability
under UV irradiation due to the synergistic effect that arises
between the Ag- and Fe-modified TiO2. In addition, the struc-
tural, morphological, and optical properties of the prepared films
were also analyzed and discussed.

2. Experimental Section

2.1. Sample Preparation

TiO2 film and TiO2 composite thin films were deposited by ther-
mal evaporation method,[41] on glass substrates (microscope
slides) with dimensions of 25� 75� 1.0 mm using titanium
dioxide powder (TiO2; 99.5%, Sigma-Aldrich), iron powder
(Fe; 99%, Biochem), and different amounts of silver (Ag lump;
99.99%, GoodFellow). Before deposition, the glass substrates
were ultrasonically cleaned for 10min with acetone and ethanol
solution. The thermal evaporation unit is a homemade s
ystem, developed at our institution. The vacuum chamber was
first evacuated at low pressure of 6.2� 10�5 mbar and the
deposition process was carried out by heating a crucible contain-
ing only pure TiO2 or a mixture of TiO2–Fe or Ag–TiO2–Fe
with Fe fixed at 5.0 wt% and different Ag mass ratio (0, 5, 10,
15, and 20 wt%). The mixtures were thermally evaporated to
form a gaseous atmosphere, which condense to form our thin
films. Finally, the prepared samples were annealed in air at
400 °C for 1 h.

2.2. Materials Characterization

The X-ray diffraction (XRD) analysis was carried out for struc-
tural properties by PANalytical X’Pert PRO MRD diffractometer
with a monochromator using Cu Kα source (Kα1: 1.5406 Å)
operated at 45 kV with 40mA emission current. The scanning
range was from 20° to 80°. Optical transmittance and
spectral absorption were measured in the wavelength range of
300–1100 nm using UV–vis–NIR spectrophotometer
(Shimadzu UV-1700). The morphology of the films was investi-
gated with a FEI Inspect scanning electron microscope (SEM).
Microphotoluminescence (μ-PL) and Raman measurements
were performed at room temperature in a Horiba Jobin-Yvon
LabRAM HR800 confocal microscope. In PL measurements
the He–Cd laser (λex¼ 325 nm) was employed as excitation
source, while Raman spectra were recorded under excitation
at 633 nm line of a He–Ne laser.

2.3. Antibacterial Test

The antibacterial activity of all the thin films was investigated
using the so-called antibacterial drop test. The test was carried
out against Escherichia coli (E. coli) as a model for the Gram-
negative bacteria. The samples were examined under similar
conditions in dark and under UV irradiation. All glassware and
samples were sterilized by autoclaving at 120 °C for 15min. The
thin films (size of 15� 10mm) were placed in a sterilized Petri
dish. Then, 100 μL of bacteria suspension (105 CFUmL�1) was
dropped onto the surface of the control sample and the coated
thin films; the samples were then irradiated using UV light
(8W, 365 nm wavelength, Philips) for 60min at 37 °C incuba-
tion. The process was also done in dark. After that, the bacteria
were washed from the surface of the samples using 5mL sterile
physiological saline. Then, 50 μL of each diluted solution was
spread on a nutrient agar plates. The numbers of surviving bac-
teria colonies on the agar plates were counted after incubation for
24 h at 37 °C. The reported values are averages of three similar
independent experiments. The bacteria killing percentage “BK”
was calculated by using Equation (1) as follows

BK ¼ A� B
A

� 100% (1)

where A and B are the number of bacteria colonies grown in the
culture medium corresponding to the control sample and coated
films, respectively.

3. Results and Discussion

3.1. XRD Analysis

Figure 1 shows the XRD patterns of TiO2, TiO2–Fe and
Ag–TiO2–Fe composite films with different Ag content. The
XRD pattern of pure TiO2 and TiO2–Fe thin films does not show
any diffraction peaks, which confirms that the films are
amorphous. As Ag was introduced in TiO2–Fe films, the films
exhibited crystallization to anatase phase and the intensity of dif-
fraction peaks was found to increase with increasing Ag content.
This increase is particularly remarkable for Ag content at 15%
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and would be indicative of a better film crystallinity.[42] For
Ag–TiO2–Fe composite films, a series of characteristic peak at
25.3°, 37.0°, 38.0°, 38.5°, 48.0°, 54.0°, 55.0°, 62.0°, 62.7°, 68.0°,
70.1°, and 75.1° are observed that are assigned to the (101),
(103), (004), (112), (200), (102), (211), (213), (204), (116), (220),
and (215) crystallographic planes of TiO2 anatase phase
(JCPDS no. 21-1272), without any other TiO2 phases detected.
The other peaks of the XRD pattern at 38.1°, 44.2°, 64.5° and
77.5° are indexed to (111), (200), (220), and (311) crystal planes
related to face-centered cubic (fcc) structure of metallic silver
(JCPDS card no. 04-0783). The diffraction peak corresponding
to (004) of TiO2 and (111) of Ag is very close to one another.
Thus, it is difficult to differentiate the Ag signals from the
TiO2 signals. No peaks related to iron species were observed; this
may be attributed to the small amount of Fe into titanium oxide
matrix. There are no obvious differences in TiO2 crystallite size
in all Ag–TiO2–Fe composite thin films with the increase of silver
content, and these findings are in good agreement with the lit-
erature.[2,43] The crystallite size of TiO2 determined using the
Scherrer’s formula[44] on (101) diffraction peak was estimated
about 33 nm.

3.2. Raman Analysis

The Raman spectra of prepared samples are displayed in
Figure 2. It is clear that pure TiO2 and TiO2–Fe thin films exhibit
the amorphous characteristic in their Raman spectra, which is in
agreement with the result of XRD analysis. The Ag–TiO2–Fe
composite films show a main characteristic peak slightly above
151 cm�1 corresponding to the Eg(1) mode of anatase TiO2, as
long as some additional peaks, with a much lower intensity, in
fact only appreciated for the highest Ag content (Figure 2e and f ).
They are located at 640 cm�1 Eg(3) corresponding to the Raman
active modes of anatase phase,[45] and at 328 cm�1, due to the
Ag–O stretching vibration.[46–48] Resulting from the oxidation
of a few Ag nanoparticles on irregularities such as pits or bumps

appeared on the surface of the composite thin films, where the
Ag atoms might preferentially locate. However, no crystalline
phases for the Fe or its oxides were detected for the samples
because of the low amount of Fe. When silver is introduced into
TiO2–Fe thin films, the Eg(1) Raman intensities of Ag–TiO2–Fe
composite thin films are enhanced especially at 15 wt% Ag.
This enhancement in the intensity of Raman can be also
attributed to the surface-enhanced Raman spectra (SERS) prop-
erties of Ag.

Similar results have been reported by Xu et al.[49] Moreover,
the Eg(1) peak position exhibits a large shift from 151 to
158 cm�1 according to the increase of Ag content (5–20 wt%)
compared to typical TiO2 bonding modes.[50] In general, the shift
in Raman peak occurs due to the nonstoichiometry structure
defects and surface interaction between metal and TiO2.

[51,52]

3.3. Surface Morphology

The SEM images of the pure TiO2, TiO2–Fe, and Ag–TiO2–Fe
composite thin films with different Ag content annealed at
400 °C are presented in Figure 3a–f. It could be seen that the pure
TiO2 film shows a uniform bubble distribution (Figure 3a). The
surface morphology of the deposited TiO2 film became smoother

Figure 2. Raman spectra of a) pure TiO2, b) TiO2–Fe, c) 5%Ag–TiO2–Fe,
d) 10%Ag–TiO2–Fe, e) 15%Ag–TiO2–Fe, and f ) 20%Ag–TiO2–Fe compos-
ite thin films.

Figure 1. XRD patterns of a) pure TiO2, b) TiO2–Fe, c) 5%Ag–TiO2–Fe,
d) 10%Ag–TiO2–Fe, e) 15%Ag–TiO2–Fe, and f ) 20%Ag–TiO2–Fe compos-
ite thin films.
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after the addition of Fe, which resulted in the disappearance of
the bubbles (Figure 3b).

The surface morphology of composite thin films seems to
change significantly as a function of Ag content. At 5 wt%
Ag–TiO2–Fe showed a random distribution of particles contained
a bright spots of varying sizes of metallic silver distributed upon
the smooth surface of TiO2 (Figure 3c). While at 10 wt% Ag the
film had flat morphology with some voids on the surface
(Figure 3d). With increasing Ag content from 15 to 20 wt%
images showed a uniform distribution of Ag nanoparticles (inset
of Figure 3e) with varying sizes (from 70 to 400 nm), and the
films structure becomes smoother and more homogeneous
(Figure 3f ).

3.4. Optical Properties

The optical transmittance spectra of prepared samples in the
wavelength range of 300–1100 nm are shown in Figure 4. It
can be seen that pure TiO2 film has the highest transparency
�83.02% in the visible region compared to the other samples.

It is clear that there is a slight decrease �76.84% in the trans-
mittance in the infrared region with the presence of Fe.
However, the addition of silver decreases the transmittance rap-
idly and significantly in the Ag–TiO2–Fe composite thin films in
the visible region. The oscillation observed in the transmittance
spectra is attributed to the interference effect between air-film
and film-substrate interface.[53]

Figure 3. SEM images of a) pure TiO2, b) TiO2–Fe, c) 5%Ag–TiO2–Fe, d) 10%Ag–TiO2–Fe, e) 15%Ag–TiO2–Fe, and f ) 20%Ag–TiO2–Fe composite thin
films.
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Figure 5a shows UV–vis absorption spectra of the prepared
samples. It can be seen that the absorption edge of prepared

TiO2–Fe and Ag–TiO2–Fe composite thin films was shifted
toward longer wavelengths (redshifted) compared with that of
pure TiO2. The level of redshift increases with higher Ag content,
which indicates a reduction in the bandgap energy. The addition

Figure 4. Transmission spectra of pure TiO2, TiO2–Fe, and Ag–TiO2–Fe
composite thin films at different Ag contents.

Figure 5. a) UV–vis absorption spectra of pure TiO2, TiO2–Fe, and
Ag–TiO2–Fe composite thin films at different Ag contents. b) Plots of
(αhν)1/2 versus hν to determine bandgap of each samples.

Table 1. Bandgap energy of all samples.

Samples Bandgap [eV]

TiO2 3.31

TiO2–Fe 3.24

5Ag–TiO2–Fe 3.29

10Ag–TiO2–Fe 3.18

15Ag–TiO2–Fe 3.13

20Ag–TiO2–Fe 3.09

Figure 6. PL spectra of pure TiO2, TiO2–Fe, and Ag–TiO2–Fe composite
thin films at different Ag contents.

Figure 7. Bacteria killing percentage of pure TiO2, TiO2–Fe, and
Ag–TiO2–Fe composite thin films at different Ag contents in dark and
under UV irradiation.
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of Fe and Ag metals into TiO2 matrix enhances the absorption in
the visible region.

Additionally, it is clear that 10%, 15%, and 20% Ag–TiO2–Fe
composite films exhibit a broad absorption bands at 467, 474, and
389 nm, respectively, which can be attributed to the surface plas-
mon absorption (SPA) of Ag nanoparticles.[54,55] The position of
SPA band of silver nanoparticles could be influenced by many
factors such as size, shape, and surface charge chemistry of
particle.[54]

The optical bandgap of all prepared samples can be deter-
mined from the Tauc plots using the following Equation (2)[56]

αhν ¼ Aðhν� EgÞ1=2 (2)

where hν is the photon energy, α is the absorption coefficient,
A is the proportionality constant, and Eg is the optical
bandgap.

Figure 5b represents the graph of ðαhνÞ1=2 versus hν; the
bandgap energy values for prepared samples are shown in
Table 1. It is clear that Eg values reduce with the presence of
Fe and Ag. However, when the Ag content was increased to
(10, 15, and 20 wt%) in the composite films, the Eg was further
decreased. The reduction in optical bandgap by introducing Fe or

Figure 8. Photographs of the viable E. coli colonies after 1 h at 37 °C: A) in the dark, B) under UV irradiation for a) control, b) pure TiO2, c) TiO2–Fe,
d) 5%Ag–TiO2–Fe, e) 10%Ag–TiO2–Fe, f ) 15%Ag–TiO2–Fe, and g) 20%Ag–TiO2–Fe composite thin films.

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2022, 2200036 2200036 (6 of 9) © 2022 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-a.com


Ag metals is reported in other studies.[12,51,57] This decrease in
the optical bandgap energies leads to enhance the photocatalytic
activity.

Figure 6 shows the PL spectra of TiO2, TiO2–Fe, and
Ag–TiO2–Fe films at different Ag content (5, 10, 15, and 20 wt%)
in the wavelength range from 350 to 800 nm with excitation
wavelength of 325 nm. All the samples have an emission peaks
at 404–410 nm, which could be due to free exciton recombina-
tion.[58,59] It can also be seen a visible emission peak centered
at 516–707 nm, which is usually attributed to the structural
defects and oxygen vacancy levels.[59] The pure TiO2 showed a
higher PL intensity, while PL intensity is reduced when Fe
and Ag introduced to the TiO2 matrix. We noted that the PL
peaks shift toward higher wavelengths in Ag–TiO2–Fe composite
thin films with higher Ag content and their intensities further
decreased. Ag could act as trap to capture photogenerated elec-
trons from TiO2 conduction band, inhibiting recombination of
electron–hole pairs. Therefore, electron–holes separation is
promoted,[60,61] resulting in improved photocatalytic efficiency
as well as antibacterial properties of the composite thin films.

3.5. Antibacterial Activity

The BK percentage (Equation (1)) of the prepared samples in the
dark and under UV irradiation after 1 h interaction is shown in
Figure 7. The results of dark reactions show that pure TiO2 thin
film has no antibacterial activity. TiO2–Fe sample showed bacte-
rial reduction of 20%, and the addition of silver in TiO2–Fe struc-
ture led to enhance the antibacterial activity of the films. It is clear
that the Ag–TiO2–Fe composite film with 20 wt% Ag has a high
antibacterial effect in the dark with a bacteria killing percentage
of 100%, while those of 5, 10, and 15 wt% are 55%, 87%, and
94%, respectively. This indicates that the presence of silver
was responsible for the antibacterial effect of the composite films
in dark. The bacteria inhibition effect of silver itself has been
widely reported.[62,63,26] Under UV light or in dark the control
sample did not show any bacterial reduction.

Under UV irradiation, the pure TiO2 thin film showed low
antibacterial activity (25%), which could be due to the amorphous

structure of the film. However, the antibacterial activity of
TiO2–Fe film is improved (�50%) under UV irradiation due
to the extremely small size of metallic iron. Fe0 reacts with oxy-
gen and water, hence producing iron species (especially at the top
of the highest peaks of the rough surface which shows local
increased reactivity) which participate in the photo-Fenton reac-
tion by generating hydroxyl radicals (HO•). As a result, it causes
oxidative damage to bacteria cell.[64,65] The Ag–TiO2–Fe compos-
ite thin films showed excellent antibacterial activity under UV
irradiation: up to 81% at 5 wt%, and 100% at each of 10, 15,
and 20 wt% Ag–TiO2–Fe samples due to the synergistic antibac-
terial effects of TiO2 photocatalytic anatase phase. It is well
known that TiO2 in anatase phase is the most powerful form
of TiO2 to produce ROS under UV light such as superoxide
radicals and hydroxyl radicals which damage organisms.[66]

Moreover, the presence of Fe and the addition of Ag with differ-
ent content in the TiO2 matrix strongly influenced the photoca-
talytic and antibacterial efficiency of TiO2 by reducing the e

�–hþ

recombination rate. Indeed, it is due to more effective charge
separation between the electrons and holes, hence improving
the formation of ROS.[6,13] On the other hand, the strong bacte-
ricidal effect of AgNps plays an important role in enhancing the
antibacterial performance of composite films. The AgNps anti-
bacterial action remains unclear until now. Previous studies have
shown that both Ag nanoparticles and released Agþ ions possess
antibacterial properties.[9,67] The three most common mecha-
nisms of AgNps toxicity in bacteria suggested by several
researchers are as follows.[26,27,62]

First, the AgNps can adhere to the bacterial cell wall and con-
sequently penetrate it. This action will alter the membrane prop-
erties, which can lead to damage of the cell membrane and
bacteria death. Second, silver nanoparticles and the released
Agþ inside the bacterial cell may interact with biological compo-
nents such as proteins, respiratory enzymes, lipids, and DNA; this
can result to bacterial dysfunction. Third, high levels of ROS gen-
erated by silver nanoparticles and Agþ, causing to bacteria death.

Figure 8 illustrates the spread plate technique of the test sam-
ples A (in the dark) and B (under UV irradiation) employed for
the purpose of counting the viable number of E. coli colonies.

Figure 9. Schematic diagram of the antibacterial killing mechanism of the Ag–TiO2–Fe composite thin film in the dark and under UV light.
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The spread plate results revealed that there was a significant
decrease in viable number of bacteria in the case of Ag–TiO2–Fe
composite films compared to pure TiO2 and TiO2–Fe films in
dark. While it was observed that the antibacterial activity of all
samples was improved under UV irradiation, especially the
Ag–TiO2–Fe composite films with high silver content that
showed a complete inhibition of bacteria colonies within 1 h.
The possible mechanism of antibacterial performance of
Ag–TiO2–Fe composite thin films in dark and under UV light
is illustrated in Figure 9.

4. Conclusions

In this work, pure TiO2 and Ag-modified TiO2–Fe composite thin
films have been prepared on glass substrates by thermal evapora-
tionmethod. An increase in silver content results in a formation of
anatase crystalline phase in the Ag–TiO2–Fe composite films, and
the enhancement in Raman intensity was also partly due to the
surface plasmon response of Ag NPs. It was found that the addi-
tion of Fe and Ag reduces the bandgap and helps to shift the opti-
cal absorbance toward the visible region. Antibacterial activity was
evaluated by the inactivation of E. coli bacteria in the dark and
under UV light. Ag–TiO2–Fe composite films displayed an
enhancement in the antibacterial activity depending on the Ag
content in dark. However, strong antibacterial efficacy observed
under UV irradiation is due to a synergistic action in the ingre-
dients of the Ag–TiO2–Fe composite films. These coatings are
promising candidate as antibacterial materials for medical devices,
environmental surfaces disinfection, and water treatment field.
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S. Różalska, N. Wrońska, K. Lisowska, Bull. Mater. Sci. 2016,
39, 57.

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2022, 2200036 2200036 (8 of 9) © 2022 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-a.com


[29] Y. Miao, X. Xu, K. Liu, N. Wang, Ceram. Int. 2017, 43, 9658.
[30] M. A. Tartanson, L. Soussan, M. Rivallin, S. Pecastaings, C. V. Chis,

D. Penaranda, C. Roques, C. Faur, Appl. Environ. Microbiol. 2015, 81,
7135.

[31] N. Mahmoudi Khatir, Z. Abdul Malek, A. K. Zak, A. Akbari,
F. Sabbagh, J. Sol-Gel Sci. Technol. 2016, 78, 91.

[32] P. Korshed, L. Li, Z. Liu, A. Mironov, T. Wang, Int. J. Nanomed. 2017,
13, 89.

[33] S. Naghibi, S. Vahed, O. Torabi, A. Jamshidi, M. H. Golabgir, Appl.
Surf. Sci. 2015, 327, 371.

[34] C. C. Trapalis, P. Keivanidis, G. Kordas, M. Zaharescu, M. Crisan,
A. Szatvanyi, M. Gartner, Thin Solid Films 2003, 433, 186.

[35] N. D. S. Mohallem, M. M. Viana, M. A. M. L. de Jesus,
G. H. de Magalhães Gomes, L. F. de Sousa Lima, E. D. L. Alves,
in Titanium Dioxide - Material for a Sustainable Environment
(Ed.: D. Yang), IntechOpen, London, UK 2018, 81.

[36] A. M. Alotaibi, S. Sathasivam, B. A. D. Williamson, A. Kafizas,
C. Sotelo Vazquez, A. Taylor, D. O. Scanlon, I. P. Parkin, Chem.
Mater. 2018, 30, 1353.

[37] C. Garlisi, G. Palmisano, Appl. Surf. Sci. 2017, 420, 83.
[38] T. C. Paul, J. Podder, M. H. Babu, Surf. Interfaces. 2020, 21, 100725.
[39] A. Fouzia, B. Rabah, Mater. Sci. Eng., B 2021, 265, 114982.
[40] M. Sreedhar, I. Neelakanta Reddy, Ch. V. Reddy, J. Shim, J. Brijitta,

Mater. Sci. Semicond. Process 2018, 85, 113.
[41] F. Lekoui, R. Amrani, W. Filali, E. Garoudja, L. Sebih, I. E. Bakouk,

H. Akkari, S. Hassani, N. Saoula, S. Oussalah, H. Albalawi,
N. Alwadai, M. Henini, Opt. Mater. 2021, 118, 111236.

[42] B. A. Akgun, C. Durucan, N. P. Mellott, J. Sol-Gel Sci. Technol. 2011,
58, 277.

[43] S. Demirci, T. Dikici, M. Yurddaskal, S. Gultekin, M. Toparli, E. Celik,
Appl. Surf. Sci. 2016, 390, 591.

[44] M. A. Majeed Khan, S. Kumar, M. Naziruddin Khan, M. Ahamed,
A. S. Al Dwayyan, J. Lumin. 2014, 155, 275.

[45] T. Ohsaka, F. Izumi, Y. Fujiki, J. Raman Spectrosc. 1978, 7, 321.
[46] N. Iwasaki, Y. Sasaki, Y. Nishina, Surf. Sci. 1988, 198, 524.
[47] G. I. N. Waterhouse, G. A. Bowmaker, J. B. Metson, Phys. Chem.

Chem. Phys. 2001, 3, 3838.

[48] X. D. Wang, R. G. Greenler, Phys. Rev. B 1991, 43, 6808.
[49] J. Xu, X. Xiao, F. Ren, W. Wu, Z. Dai, G. Cai, S. Zhang, J. Zhou, F. Mei,

C. Jiang, Nanoscale Res. Lett. 2012, 7, 239.
[50] J. M. Walls, J. S. Sagu, K. G. Upul Wijayantha, RSC Adv. 2019,

9, 6387.
[51] T. Sun, E. Liu, X. Liang, X. Hu, J. Fan, Appl. Surf. Sci. 2015, 347,

696.
[52] K. Baba, S. Bulou, M. Quesada Gonzalez, S. Bonot, D. Collard,

N. D. Boscher, P. Choquet, ACS Appl. Mater. Interfaces. 2017, 9,
41200.

[53] D. Komaraiah, E. Radha, J. Sivakumar, M. V. Ramana Reddy,
R. Sayanna, Surf. Interfaces. 2019, 17, 100368.

[54] J. Yu, J. Xiong, B. Cheng, S. Liu, Appl. Catal. B Environ. 2005, 60, 211.
[55] J. Xu, Z. Wang, W. Li, X. Zhang, D. He, X. Xiao, Nanoscale Res. Lett.

2017, 12, 54.
[56] J. Tauc, Amorphous and Liquid Semiconductors, Plenum, London and

New york 1974,1785.
[57] S. Khan, M. ul Haq, Y. Ma, M. Nisar, Y. Li, R. Khan, G. Han, Y. Liu, J.

Sol-Gel Sci. Technol. 2020, 93, 273.
[58] Y. X. Zhang, G. H. Li, Y. X. Jin, Y. Zhang, J. Zhang, L. D. Zhang, Chem.

Phys. Lett. 2002, 365, 300.
[59] J. Dhanalakshmi, S. Iyyapushpam, S. T. Nishanthi, M. Malligavathy,

D. Pathinettam Padiyan, Adv. Nat. Sci.: Nanosci. Nanotechnol. 2017, 8,
015015.

[60] O. Akhavan, E. Ghaderi, Surf. Coat. Technol. 2010, 204, 3676.
[61] S. P. Lim, A. Pandikumar, H. N. Lim, R. Ramaraj, N. M. Huang, Sci.

Rep. 2015, 5, 11922.
[62] B. Le Ouay, F. Stellacci, Nano Today 2015, 10, 339.
[63] S. D. Ponja, S. K. Sehmi, E. Allan, A. J. MacRobert, I. P. Parkin,

C. J. Carmalt, ACS Appl. Mater. Interfaces 2015, 7, 28616.
[64] C. Lee, J. Y. Kim, W. I. Lee, K. L. Nelson, J. Yoon, D. L. Sedlak, Environ.

Sci. Technol. 2008, 42, 4927.
[65] Q. Chen, J. Li, Y. Wu, F. Shen, M. Yao, RSC Adv. 2013, 3, 13835.
[66] U. Joost, K. Juganson, M. Visnapuu, M. Mortimer, A. Kahru,

E. Nõmmiste, U. Joost, V. Kisand, A. Ivask, J. Photochem.
Photobiol. B 2015, 142, 178.

[67] I. Sondi, B. Salopek Sondi, J. Colloid Interface Sci. 2004, 275, 177.

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2022, 2200036 2200036 (9 of 9) © 2022 Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-a.com


 ملخص

 ل مخاطر انتقافي الحد من    مهمالعب دورًا  ي  ارمتطو  المضادة للبكتيريا ابتكارا  بقات الرقيقةطالتكنولوجيا  تعد   

عنهاوالالبكتيريا   الناتجة  السياق  , عدوى  هذا  في  والسلامة.  العامة  الصحة  يعزز  إلى    ,  مما  العمل  هذا  يهدف 

جديدةإنشاء   تحضير   .Fe -2TiO-Agنظام  على  تعتمدللبكتيريا    ةمضاد  طبقة   مختلفة  رقيقة  طبقاتتم 

وذلك عن      ذات محتويات مختلفة من الفضة  ةمركب  رقيقة  طبقات   Fe-2TiO-Agو    2TiO  ,Fe -2TiO  من

كذا و  %5  كتلية تقدرب   تأثير إضافة الحديد بنسبة  مدى  دراسة  لقد تمتالتبخر الحراري.    تقنيةاستخدام  طريق  

 طبقةل  الضيائيةو  بصريةال,  ويةالبنيالهيكلية,    خصائصالعلى  (  %20إلى    5)من  تتراوح    ةمختلف  نسبالفضة ب

 2TiO  تقنيات  هارأثيت  يةكيف  و باستخدام  الأفلام  توصيف  تم  للبكتيريا.  المضاد  الأداء    حيودك  مختلفة  على 

السينية رامان، و(XRD)   الأشعة  فوق ال  الأشعة  مطيافية,  (SEM)   الماسح  الإلكتروني  المجهر,    مطيافية 

 (PL). الفوتونيةضيائية  وال  ,(UV-Visible-NIR)    ة المرئية والقريبة من الأشعة تحت الحمراءالبنفسجي

  وتحت   الظلام  في    القولونية  الإشريكية  ضد  المحضرة  للطبقات الرقيقة  للبكتيريا  المضادة  الفعالية  فحص  تم  كما

الفضة  البنفسجية  فوق  الأشعة  ضوء إضافة  أن  النتائج  أظهرت  تكوين  Fe -2TiOرقيقةال   ةطبقلل.  إلى  يؤدي 

حالتها المعدنية  في  وجود الفضة   الإلكتروني  يالمجهر الفحص  أكدت صوركما   .(Anatase)البلوري    طورال

بين  بأحجام  جسيمات  ك تتراوح  في  400و    70مختلفة  الرقيقةال  نانومتر    طاقة   أن  وجد  لقد  .ةالمركب  طبقات 

 منخفضة (  5-%20)  من الفضة  مختلفة بمحتويات   Fe -2TiO-Agو  Fe -2TiO  للطبقات  الالكترونية  الفجوة

كثافات  النقية 2TiO بطبقة  مقارنة في  انخفاضًا  أيضًا  لاحظنا  الفوتونيةال.  الحديد   (PL) ضيائية  إضافة  مع 

  يشير , مما  الفضة الأعلى    محتوياتفي    بشكل كبير  وكان الانخفاض ملحوظًا  ,  2TiO  والفضة إلى مصفوفة

الشحنات  ,  الإلكترون  –  ثقب  زوج  تركيب  إعادة  معدل   انخفاض  إلى فصل  تعزيز  إلى    ,وبالتالي  يؤدي  مما 

القولونيةا    لبكتيريا  المضادة  الاختبارات. أظهرت  للبكتيريا  المضادة  الكفاءةنشاط    تعزيز أن الفضة    لإشريكية 

الظلام )بنسب تصل    Fe-2TiO-Ag   ةالمركب   طبقاتلل  للبكتيريا  المضادة  الكفاءة  من  كبير  نت بشكلحس في 

على التوالي(. تحت ضوء الأشعة    %20و    %15و    %10الفضة    محتوياتل  %100و    %94و    %87إلى  

البنفسجية لإشريكية ا   ممتازًا في قتل بكتيرياضوئيا     نشاطًا Fe -2TiO-Agةالمركب  الطبقاتأظهرت    ,فوق 

  ,من الفضة  5%ل    ةنسببال  81%بنسب تصل إلى   Fe -2TiOطبقةالنقية و 2TiO طبقةبالمقارنة مع   القولونية

بسبب   الفضة  محتوى  من  20%و    15%و    10%بنسب   Fe -2TiO-Agةالمركب  الرقيقة  لطبقاتل  100%و

تعديل عن  الناجم  التآزري  والحديد   2TiO  التأثير  الفضة  نظام  .بواسطة  فعالية  إلى  النتائج  هذه   Ag-تشير 

 Fe-2TiO التطبيقات الطبية والبيئية.  مختلف للاستخدام في ةللبكتيريا واعد ةمضاد طبقة رقيقةك 

 طبقة رقيقة ,    Fe-2TiO  ,طريقة التبخر الحراري  ,ضوئيمضاد للبكتيريا، محفز    طبقة:  الكلمات الرئيسية

2TiO-Ag الإشريكية القولونية ,طبقة رقيقة. 

 

 



Résumé 

La technologie des revêtements antibactériens est une innovation de pointe qui joue un rôle 

essentiel dans la réduction du risque de transmission et de contamination bactérienne, 

améliorant ainsi la santé publique et la sécurité. Dans ce contexte, ce travail vise à créer un 

nouveau revêtement antibactérien basé sur le système Ag-TiO2-Fe. Divers couches minces 

de TiO2, TiO2-Fe et Ag-TiO2-Fe des couches composites avec des teneurs en argent 

variables, ont été préparés par la méthode d'évaporation thermique. L'effet de 

l'incorporation de Fe avec un pourcentage massique de (5 %) et d'Ag avec différentes 

teneurs (de  5 à 20 %) sur les propriétés structurales, morphologiques, optiques et 

luminescentes des couches minces de TiO2, et comment ils affectent les performances 

antibactériennes, a été étudié. Les couches ont été caractérisées à l'aide de la diffraction des 

rayons X (DRX), la spectroscopie Raman, la microscopie électronique à balayage (MEB), 

la spectroscopie UV-Visible proche infrarouge (UV-Visible-NIR) et de la 

photoluminescence (PL). L'efficacité antibactérienne des couches préparées contre 

Escherichia coli a été examinée à la fois dans l'obscurité et sous lumière UV. Les résultats 

montrent que l'ajout d'argent dans TiO2-Fe conduit à la formation de la phase cristalline 

d'anatase. Les images MEB ont confirmé la présence d'argent à l'état métallique avec des 

tailles de particules différentes allant de 70 à 400 nm dans les couches composites. On 

constate que l'énergie de la bande interdite des couches composites TiO2-Fe et Ag-TiO2-Fe 

avec différentes teneurs en Ag (5-20 %) a diminué par rapport au couche TiO2 pur, et on a 

également noté une réduction des intensités de photoluminescence avec l'ajout de Fe et Ag 

à la matrice de TiO2, la réduction étant significative à des teneurs en argent plus élevées, ce 

qui indique un faible taux de recombinaison des paires électron-trou. Par conséquent, la 

séparation des charges est favorisée, ce qui entraîne une amélioration de l'activité de 

photokiling. Les tests antibactériens contre E. coli ont montré que l'argent améliorait 

significativement l'efficacité antibactérienne des couches composites Ag-TiO2-Fe dans 

l'obscurité (87, 94  et 100 % pour 10, 15  et 20 %, respectivement). Sous lumière UV, les 

couches composites Ag-TiO2-Fe ont montré une excellente activité de photokilling d'E. 

coli par rapport aux couches TiO2 pur et TiO2-Fe, jusqu'à 81  % pour 5 % d'Ag et 100 % 

pour 10, 15 et 20 %  de couches composites Ag-TiO2-Fe, en raison de l'effet synergique qui 

se produit entre TiO2 modifié par Ag et Fe. Ces résultats indiquent l'efficacité du système 

Ag-TiO2-Fe en tant que revêtement antibactérien prometteur pour une utilisation dans les 

applications médicales et environnementales.  



Mots-clés  :  Revêtement antibactérien, photocatalyseur, évaporation thermique, TiO2-Fe 

couche mince, Ag-TiO2 couche mince, Escherichia coli. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Abstract 

Antibacterial coating technology is a cutting-edge innovation that plays a vital role in 

reducing the risk of bacterial transmission and contamination, thereby enhancing public 

health and safety. In this context, this work aims to create a novel antibacterial coating 

based on the Ag-TiO2-Fe system. Various films of TiO2, TiO2-Fe, and Ag-TiO2-Fe 

composites thin films with varying silver contents were prepared via thermal evaporation 

method. The effect of the incorporation of Fe (5 wt%) and Ag with different content (from 

5 to 20 wt%) on the structural, morphological, optical, and luminescent properties of TiO2 

thin film and how they affect the antibacterial performance was investigated. The films 

were characterized using X-ray diffraction (XRD), Raman spectroscopy, scanning electron 

microscopy (SEM), UV–vis–NIR spectroscopy, and photoluminescence (PL). The 

antibacterial efficiency of the prepared films against Escherichia coli is examined both in 

the dark and under UV light. The results demonstrate that the addition of silver in TiO2-Fe 

lead the formation of the anatase crystalline phase. SEM images confirmed the presence of 

silver in its metallic state with different particles sizes ranging from 70 to 400 nm in the 

composite films. It is found that the band gap energy of TiO2-Fe and Ag-TiO2-Fe 

composite films with different Ag content (5-20 wt%) decreased compared to pure TiO2 

film, we also noted a reduction in photoluminescence intensities with the addition of Fe 

and Ag to TiO2 matrix and the reduction was significant at higher silver content, this 

indicates a low rate of electron-hole pair recombination, therefore charge separation is 

promoted, resulting in enhancement in the photokilling activity. Antibacterial tests against 

E.coli showed that silver significantly improved antibacterial efficiency of the Ag-TiO2-Fe 

composite films in the dark (87, 94, and 100% for 10, 15, and 20 wt%), respectively. 

Under UV light,  Ag-TiO2-Fe composite films exhibited excellent photokilling activity of 

E.coli compared to pure TiO2 and TiO2-Fe films up to 81% for 5 wt% Ag, and 100% for 

10, 15, and 20 wt% Ag-TiO2-Fe composite films due to the synergistic effect that arises 

between Ag- and Fe-modified TiO2. These results indicate the effectiveness of the Ag-

TiO2-Fe system as a promising antibacterial coating for use in medical and environmental 

applications. 

Keywords: Antibacterial coating, photocatalyst, thermal evaporation, TiO2-Fe film, Ag-

TiO2 film, Escherichia coli. 
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