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ABSTRACT 

Titanium dioxide or titania (TiO2) being one of the most promising semiconductors for 

many photoelectrochemical applications, its utilization remains typically confined to 

ultraviolet (UV) light absorption because of its wide band gap (3.2 eV for anatase and 

3.0 eV for rutile), where by UV only accounts for 4-6% of the solar radiation. There is a 

need to shift the absorption threshold of the UV-region response of TiO2 into the visible 

region (accounts for ~45% of the total energy of the solar radiation), which can be 

achieved by doping TiO2 with dye sensitizers, non-metals, transition metals or through 

surface plasmon resonance (SPR) using noble metals. To study the absorption spectra of 

metallic silver nanoparticle/titania/Chlorophyll (Ag-NP/TiO2/Chlorophyll) thin films, 

sandwich arrangement thin films were fabricated on a quartz glass substrate at 550°C 

using a spin coater. Respective precursor solutions for Ag-nanoparticles and titania were 

prepared from Ag salt and a titanium complex using molecular precursor method. The 

Chlorophyll dye was extracted from the Colophospermum mopane leaves (Mopane tree 

leaves) and Hyphaene petersiana leaves (Makalani tree leaves) using methanol as a 

solvent extract. The Ag-nanoparticle/TiO2 (Ag-NP/TiO2) thin films were then immersed 

in the Chlorophyll dye for 48 hours, to produce Ag-NP/TiO2/Chlorophyll dye 

composites thin films. A Fourier-transform infrared (FTIR) spectrum was used to 

confirm whether the dye extract was chlorophyll. The absorption properties of the thin 

films were studied using Ultraviolet-visible (UV-VIS) Spectrophotometer. The 

absorption of the entire visible region for the Ag-NP/TiO2 composite thin films was 

stronger than that for the undoped TiO2 thin film. This is due to the generation of the 

absorption peak attributed to the surface plasmon resonance (SPR) of metallic silver 
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nanoparticles in the TiO2 matrix, which exhibited a broad band, improving the 

absorption throughout the entire visible region. Undoped TiO2 thin film showed no 

absorbance in the visible region. The pure Chlorophyll thin films showed two stronger 

absorption peaks at the wavelength of 415 nm to 665 nm respectively. Apart from a 

surface plasmon resonance (SPR) peak around 410 nm, additional wide-range absorption 

spread in the vis-region at wavelengths greater than 410 nm was observed for Ag-

NP/TiO2/Chlorophyll dye thin films. The wide-range absorption is due to the coupling 

between the dye and plasmon resonance properties of the Ag-nanoparticles. The band 

gap of the fabricated thin films is in the range of 1.4 and 3.50 eV, with 75%Ag-

NP/TiO2/Chlorophyll dye thin film with the lowest band gap of 1.4 eV and the highest 

band gap of 3.50 eV obtained from an undoped TiO2 thin film. The reduction in bandgap 

is due to metal – ligand charge transfer (MLCT) transition, through which the 

photoelectric charge of low-lying empty orbitals such as CO or CN
-
 possessed by 

chlorophyll injected into the TiO2 band gap. The wide-range absorption observed is 

therefore clarified by SPR and bandgap narrowing. On the basis of absorption spectra 

analysis, a plasmonic-band gap narrowing mechanism was proposed. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background of the study 

TiO2 is a white inorganic solid substance and one of the most promising semiconductors 

for many photoelectrochemical applications, due to its low cost, chemical stability and 

non-toxicity [1]. TiO2 can be used in products such as paints and coatings, including 

glazes and enamels, plastics, photocatalyst, dye sensitized solar cells, integrated circuits, 

paper, inks foods, pharmaceuticals and cosmetics [1, 2, 3]. TiO2 have three main 

polymorphs, anatase (tetragonal), rutile (tetragonal) and brookite (orthorhombic); and 

the primary and the most stable of the all is rutile ore [4, 3] as shown in figure 1. Rutile 

has high temperature phase (600–1855°C), whereas anatase and brookite are metastable 

and are readily transformed to rutile when heated [5]. 

 

 

(a)    (b)   (c) 

Figure 1 Crystalline structures of titanium dioxide (a) rutile, (b) brookite, (c) anatase [3, 

6]. 
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TiO2 is an n-type semiconductor that has a band gap in the range of 3.0 - 3.2 eV (3.2 eV 

for anatase, 3.0 eV for rutile, and ~3.2 eV for brookite) [1, 4, 7,]. Due to this wide band 

gap, the utilization of TiO2 remains typically confined to ultraviolet (UV) light [1], 

which accounts for only 4-6% of solar radiation as illustrated in figure 2, limiting the 

efficient utilization of solar energy by TiO2. It is noted that visible light with spectral 

wavelength between 400 and 700 nm accounts for about 40% of the total energy of the 

solar radiation. 

 

 

Figure 2 The standard solar spectra irradiance (AM1.5 global = one sun) [4]. 

For this reason, many attempts have been undertaken in recent decades to shift the 

threshold of the photo-response of TiO2 into the visible region, which would enhance its 

potential for chemical solar energy conversion [8]. Shifting the threshold of the photo-

response of TiO2 into the visible region can be achieved by doping TiO2 with a foreign 

substance, such as sensitizers, noble metals, transition metal etc [4, 9]. 
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There are different types of dye sensitizer, natural, inorganic and organic dyes and they 

all imitate the way in which plant harness solar energy [10]. The considerable advantage 

of these dyes lies in the metal – ligand charge transfer (MLCT) transition, through which 

the photoelectric charge is injected into the TiO2 [11,10]. MLCT happens when the 

metal is in a low oxidation state (meaning electron rich) and the ligand possesses low –

lying empty orbitals (e.g., CO or CN
-
) then the transition will occur [11]. Due to high 

costs, presence of heavy metals, and complex synthesis processes of the inorganic and 

organic dyes, natural dyes are getting more attention because they are cutting down high 

cost of metal complex sensitizers; they are replacing expensive chemical synthesis 

process through simple extraction process [12, 13]. Natural dyes are abundant, easily 

extractable, they are safe – they cause no environment threat, they are nontoxic and 

completely biodegradable [14]. There are different types of natural dye sensitizers; 

anthocyanin, carotenoid, flavonoid and chlorophyll pigments to mention a few and they 

are extracted either from flowers petals, roots, leaves, fruits, and plants [12, 14, 15, 16]. 

However, stability problem results in less efficiency. 

 

With noble metals, such as gold and silver nanoparticles possess a unique property 

called “Surface Plasmon Resonance” which is the interaction of metallic nanoparticle 

with visible light to create a collective oscillation of the conduction electron [17]. These 

metallic nanoparticles are used to dope TiO2 to improve the photo-response, which can 

be studied using thin films. In this research, the TiO2 was doped with the synthesized 

noble metal (silver) and extracted dye sensitizer (chlorophyll). 
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1.2 Statement of the problem 

TiO2 absorbs photons in the UV region, which only accounts for 4-6% of the solar 

radiation. There is a need to shift the threshold of the photo-response of TiO2 into the 

visible region, which can be achieved by doping TiO2 with foreign substances such as 

noble metals, dye sensitizers, non-metals and transition metals. 

 

1.3 Objectives 

The main purpose of this study is to elucidate the mechanism of vis-light-excited 

electron transfer occurring in the Ag-NP/TiO2/Chlorophyll composite thin film system 

by examining the absorption spectra. In order to achieve this, the following objectives 

were carried out. 

The objectives of the study were to: 

(a) Extract Chlorophyll dye from the leaves 

(b) Fabricate Ag-NP/TiO2 and Ag-NP/TiO2/Chlorophyll dye sensitizers composites 

thin films. 

(c) Characterize the absorption properties of the fabricated thin films. 

 

1.4 Significance of the study 

This study provides information that Chlorophyll as dye sensitizers can improve the 

performance in Ag-NP/TiO2 composite thin films, hence shifting the threshold of photo-

response of TiO2 into the visible region. This can contribute to the improvement of the 
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efficiency of the dye sensitizer solar cells (DSSCs), as it increases the absorbance of the 

Ag-NP/TiO2 in the visible and near infrared region. 

 

1.5 Limitation of the study 

The distribution and structural properties of Ag-NP on the thin films was not 

investigated, because equipment used to investigate those properties; Transmission 

Electron Microscopy (TEM) and the X-ray Diffraction (XRD) are not available at 

UNAM. 

 

1.6 Delimitation of the study 

The research focus was on the optical properties of the composite thin films and 

adsorbent of the dye sensitizer on the Ag-NP/TiO2 thin films and not on 

photoelectrochemical cells (DSSCs). 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Overview 

There is a need to move towards a low carbon economy and this has led to 

unprecedented interest in renewables energy resources [11]. Other renewables energy 

resources are wind, hydro, biomass and geothermal, but solar energy is the fundamental 

renewable resources accessible today as it provides energy for all living creatures on 

earth [12]. Solar energy is readily available, non-toxic, no noise pollution, no greenhouse 

gas emissions. Richhariya and his group defined solar energy as a renewable electrical 

energy that is obtained directly from the sun as absorbed photons [12], in order to 

convert the solar energy into direct current electricity, photovoltaics are used. 

Photovoltaics are defined as method for generating electric power by using solar cells to 

convert energy from the sun into a flow of electrons [18]. The first generation of solar 

cell consists of monocrystalline silicon solar cell, which is made up of silicon wafers; the 

second generation of solar cell is the thin film solar cell-basically these are the 

amorphous silicon solar cell; and the third generation is the nanocrystal and polymer 

based solar cells, the generation of dye sensitized solar cells [19]. 

 

Solar converters such as such as solar panel should be able to absorb light in the visible 

light region and they are made up of semiconductors materials such as TiO2, ZnO, SnO2, 

CuO, CoO etc. The semiconductors have excellent properties such as; good stability; 

less reactivity; low toxicity, availability and capability of moving the photo-generated 

electrons [1]. TiO2 being one the most promising abundantly semiconductor, it is 

regarded as an efficient photocatalyst, where its application is extended to self-cleaning 
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building materials and environment preservation technologies [20]. The other 

semiconductors are unstable due to inappropriate dissolution (especially ZnO), leading 

to catalyst inactivation over time [21]; or less photocatalytically active than TiO2 [22]. 

 

TiO2 semiconductor is currently the most actively and widely investigated 

semiconductors for applications that can effectively address environmental pollution 

[23] and at a smaller scale (micro), the white crystal of TiO2 they become increasingly 

colorless as the crystals shrink in size, and their colloids become invisible to the human 

eye below about 15 nm [24]. Due to the TiO2 restriction in the UV region, doping of a 

foreign element, such as Ag, Cr, V, Fe, Mn, Co, and Ni, into Ti sites; and that of anions, 

such as N, S, and C, into O sites have been tested [2, 22, 25] to enhance its absorption 

and photocatalytically potential. 

 

2.2 Doping TiO2 systems 

Researchers derived techniques on how to introduce foreign elements into the parent 

photocatalyst without giving rise to new crystallographic forms, phases or structures and 

the purpose is to improve the net separation of photogenerated charges, hence improving 

the light harvesting of TiO2 from ultraviolet region to the visible region (accounts for 

~45% of total energy radiation) [25]. 

 

2.2.1 Doping TiO2 systems with non-metals 

The study done by Asahi and his group, reported that nitride ion, causes TiO2 to respond 

to Vis light at the oxygen sites of TiO2, due to the presence of nitrogen that narrows the 



8 
 

band gap of TiO2 making it capable of performing visible light driven photocatalysis [4]. 

Since these discoveries, nonmetals has been extremely investigated and up to date it is 

well known that non-metals such a nitrogen, carbon and sulphur impurity in TiO2 matrix 

shift the energy levels above the parent TiO2 valence enabling the thin film to be 

responsive to Vis light [4]. 

 

2.2.2 Doping TiO2 systems with transition metal 

Various transition metals and transition metal ions such as Co, V
5+

, Cr
3+

, and Cu
2+

 into 

the lattice of Ti
4+

 in anatase thin films are investigated, it was found that the 

photoreactivities of chemically modified TiO2 thin films is reduced under UV irradiation 

and the thin films modified with transition-metal ions can now response to Vis-light 

irradiation [4]. Hiroshi et al [20] reported that attaching Cu(II) on the surfaces of TiO2, 

leads to the production of visible-light-sensitive photocatalysts and it is triggered by the 

photo-induced interfacial charge transfer from the valence band of oxides to Cu(II) ions. 

The resistivity of TiO2 have a tendency to reduce when doped, the research done by 

Karabay and his group, Karabay et al [2] found that the resistivity of the samples of TiO2 

(ρ≅ 4.5 × 109Ω𝑐𝑚  ) is reduced to 𝜌 ≅ 7.1 × 108Ω𝑐𝑚 when doped with Cobalt. 

Although doping the semiconductor with transitions metals offers good results, it may 

also act as recombination site for the photo-induced charge carriers, which lowers down 

quantum efficiency; can also cause thermal instability to the TiO2 nanomaterial; and 

does not remarkably enhanced the photocatalytic activity, because metals introduced are 

not incorporated into the TiO2 framework [4, 20]. 
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2.2.3 Doping TiO2 systems with noble metals 

Noble metals are defined as metals (e.g. gold, silver, or platinum) that resist chemical 

action, do not corrode, and are not easily attacked by acids. Incorporation of 

nanoparticles into semiconductors has been extensively studied for many years [26, 27, 

28], where TiO2 have been the focus, this is because its resistivity (10
12

 Ω cm at 25°C) 

gets reduced when doped [29, 30]. According to Daniel and his group, noble metals tend 

to increase the electron-hole separation by acting as electron traps; they extend the light 

absorption into the visible range and improve surface electron excitation by size and 

shape dependent plasmon resonances excited by visible light; and/or modify the surface 

properties of TiO2, Daniel et al [25]. 

 

Silver nanoparticles (Ag-NPs) are commonly used as a doping material because of their 

unique properties such as excellent conductivity, catalytic, optical, chemical durability, 

and antimicrobial properties [31, 32]. Ag-NPs can be synthesized using various methods; 

chemical and physical [32]. Balamurugan et al [32] reported that all these methods uses 

toxic and potentially hazardous materials, in some cases it may have adverse effects in 

medical applications, therefore researchers are developing and using green processes for 

the synthesis of Ag-NPs, which provides advancement over chemical and physical 

methods, due to cost-effective, environmentally friendly that requires no use of high 

pressure, energy, or temperature. Biological systems like plant extract, bacteria, and 

fungi are used as methods of synthesizing Ag-NPs, where Ag-NPs are synthesized from 

AgNO3 solution of different molarities and various amounts of the plant extract at both 

ambient and elevated temperatures [32]. 
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2.2.4 Doping TiO2 system with sensitizers 

This is another method used to extend light harvesting of TiO2 into the visible region of 

the spectrum. The dye is physically adsorbed to the surface of the semiconductors 

through weak Van der Waals interaction. Therefore when the dye absorbs visible light; 

the excited state injects electrons into the semiconductor [4]. There are different 

sensitizers (catechol, porphyrins, phthalocyanines, etc.) that can be employed as 

sensitizers, but most of them are toxic and, they can easily undergo self-degradation 

process that makes them unsuitable for durable applications in photocatalysis [4]. 

 

2.3 Techniques used to synthesis metal oxide thin films 

There are two approaches on how to fabricate metal oxide thin films, the physical and 

chemical approach. The physical methods are such as, physical vapor deposition (PVD), 

laser ablation, molecular beam epitaxy, thermal evaporation, sputtering and electron 

beam lithography, but they all have major drawback which is the failure in regulatory of 

particle size down to the nanometer scale [33]. The chemical methods contain gas phase 

and liquid phase deposition. The gas phase methods are such as chemical vapor 

deposition (CVD) and atomic layer epitaxy (ALE); while spray pyrolysis, sol gel 

process, molecular precursor methods are part of liquid phase methods. These chemical 

methods are mostly used; and they all offers a different set of advantages and 

disadvantages; and currently no method is proved to be more effective [2, 33, 34, 35]. 
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2.3.1 Physical Methods 

Physical vapor deposition 

Physical vapor deposition is one of the methods that is widely used. Vapor deposition 

technique defines any procedure in which a solid submerged in a vapor becomes larger 

in mass due to transference of material from the vapor onto the solid surface, this 

deposition is mostly carried out in a chamber to control the vapor composition. When the 

vapor is created by physical means without chemical reactions, the process is called 

physical vapor deposition and when the vapor is created by chemical reactions, the 

process is called chemical vapor deposition [36]. Physical vapor deposition is a 

technique whereby physical processes, such as evaporation, sublimation or ionic 

impingement on a target, facilitate the transfer of atoms from a solid or molten source 

onto a substrate. Evaporation and sputtering are the two most widely used PVD methods 

for depositing films 

 

The thermal evaporation method in a high vacuum system of (3x10
-6

) torr using Edward 

coating unit model (E 306) from molybdenum boat, is used to deposit metal thin film on 

the glass substrate [36] and this method uses a Kilns Furnaces to carry out the thermal 

oxidation, whereby temperature is measured in Kelvin (K). This method results in 

structural and optical properties of metal oxides, and the structures are examined by the 

XRD method (X-ray diffraction), they use siemens x-ray diffractometer system, which 

records the intensity as a function of Bragg angle [36, 37]. 
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2.3.2 Chemical Method 

a) Sol-gel Method 

This is the most widely used synthetic technique to fabricate metal/semiconductor 

composite thin film [2, 26, 31] because it is easy to control the chemical composition 

and low temperature synthesis that are very important for thin-film formation [38]. 

Marciello and his group, Marciello et al [33] define sol-gel method as a method that is 

“based on hydroxylation and condensation of molecular precursors in a solution, 

originating a sol of nanometric particles”. Yuhas and Yang defines sol-gel method as a 

dip technique that is simple and low-cost, which requires no sophisticated specialized 

setup, where coating of substrate of large surface area can be easily obtained by this 

technique compared to that in physical evaporation techniques, spray pyrolysis and other 

methods [39]. 

 

The summary and features of sol-gel method for fabricating materials: it starts with a 

solution containing metal compounds (such as metal alkoxides and acetylacetonates as 

source of oxides) - metal compounds undergo hydrolysis and polycondensation at near 

room temperature, giving rise to sol, in which polymers or fine particles are dispersed; 

water as hydrolysis agent; alcohol as solvent; and acid or base as catalyst [35, 40]. There 

are different types of coating techniques that can be employed in sol-gel method, 

techniques such as dip coating, spin coating, laminar flow coating, print ing, and spray 

coating [40]. When this gel films are heated to higher temperatures, organic constituents 

and residues are removed and this gives rise to microstructures of inorganic– inorganic 

composites or hybrids, and glasses and ceramics [35]. Using the X-ray diffraction 

(XRD) analysis of the films prepared by a conventional sol–gel process, Nagai and Sato 
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were able to show that the anatase phase appeared between 400 and 500°C and was not 

transformed to the rutile even when the thin film was heat-treated at 900°C and the 

irreversible phase transformation from anatase to rutile requires heat-treatment [35]. 

 

The gel’s characteristics and structure can be easily controlled by fixing the 

hydroxylation and condensation conditions and the kinetic parameters of the growing 

process (parameters such as pH, temperature, nature and concentration of the salt 

precursors, solvent nature) [33]. This method can be used to fabricate many kinds of 

functional materials in different forms such as coating; organic/inorganic hybrids; fibers; 

thin films; materials with photonic and electronic functions; thermal and mechanical 

functions; and chemical, biochemical, and biomedical functions [2, 38, 40]. This 

technique permits good control of particle structure and size (with low particle size 

distributions), but the other hand it generate contamination by reaction products and 

posttreatment of the products [33] and it limits the incorporations of large amount of 

noble metals (Ag-NPs) up to 18 mol% due to Silver particles coalescing with each other 

into huge particles during sintering [25]. 

 

b) Molecular precursor method (MPM) 

Nagai and Sato [35] defined the molecular precursor method (MPM) as a wet chemical 

process that is used for fabricating metal oxide and phosphate thin films and it requires 

heat treatment to eliminate organic ligands from metal complexes and alkylamine as the 

counter cation involved in spin-coated precursor films. Due to the results that were 

obtained using this method, which showed a great potential for the development of 

nanoscience and nanotechnology tools and materials, Nagai and Sato [35] emphasized 
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more on the importance of heat treatment. This method is based on the design of metal 

complexes in coating solutions with excellent stability, homogeneity, miscibility, 

coatability, which have many practical benefits [35]. 

 

Using this method, heat treatment of the precursor film between 400°C and 500°C, 

anatase phase appears; and is transformed to the rutile one between 500°C and 700°C 

[35]. What happens during the heat-treatment is the atom in the original tetragonal lattice 

of anatase can be rearranged into the rutile tetragonal lattice. Heat treatment is 

important; because it can be used produce silver nanoparticles by reducing Ag
+
 ions in 

the precursor film and forming well dispersed silver nanoparticles in the titania matrix 

[35]. 

 

The coating precursor solution is usually prepared by a reacting Ti(OiPr)4 with 

ethylenediamine N,N,N′,N'tetraaceticacid (EDTA) under the presence of dibutylamine 

and hydrogen peroxide and the Silver precursor solution is easily prepared by simply 

dissolving the silver salt in ethanol, then the two precursor solutions can be mixed at 

different molar concentration to form a composite precursor solution [25, 31]. The 

composite precursor solution is then spin coated onto glass substrates producing metallic 

Ag-Nanoparticles/Titania (Ag NP/TiO2) composite thin films [25]. This techniques 

allows various and unprecedentedly high amount of Silver particles, up to 80 mol% that 

are homogeneously distributed in titania matrix [25]. 

 

Sato and his group [4, 35] compared the TiO2 fabricated by Molecular precursor 

methods and convectional sol gel methods, it was found that the crystallite sizes of the 
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TiO2 thin films fabricated by MPM are generally smaller than those prepared by the 

conventional sol–gel method, the stability of the molecular precursor solution for Ti 

complex of EDTA is more stable than the SrO precursor solution containing a Sr 

complex of EDTA. Due to the above mentioned facts, “it was concluded that the MPM 

offers outstanding miscibility of the silver and titania precursor solutions, and is 

effective for overcoming the limitations in miscibility of the conventional sol-gel method 

and is necessary for fabricating Ag/TiO2 composite thin films with amounts of Ag ≤ 80 

mol%” Likius et al [25]. 

 

2.4 Studies on Ag-nanoparticles/TiO2 

Due to their unique electronic, optical and magnetic properties, the surface plasmon 

resonance (SPR) of nanoparticles of noble metals such as gold, and silver has lately 

attracted much attention [41, 42, 43]. Kaimo et al [41, 44], described SPR as “originates 

from light (electromagnetic radiation) interacting with the free electrons of Ag-NPs, 

which results in the collective excitation oscillations that lead to strong enhancement of 

the local electromagnetic fields surrounding the nanoparticles”. It is noted that when Ag-

NP increases in content, than the intensity of SPR absorption peaks of the composite 

films increases. Jayraj et al [44] reported that in photovoltaics, plasmonics have 

improved the efficiencies of the devices due to its capability to increase the light 

scattering in thin film (far field effect), near field improvement by electric field and direct 

generation of charge carriers in semiconductor. It is found that the capacitance of 

plasmonic electrode is almost 45% higher than that of pure TiO2 based electrode [44]. 
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Studies done by Daniel [4] on heat treating Ag/TiO2 thin films at different temperature; 

the thin films heated at 70°C, give an absorbance band at 410 nm which corresponds to 

the surface plasmon resonance of the silver nanoparticles; for the thin films fabricated at 

250°C to 500°C, gives an absorbance of surface plasmon resonance shifted to longer 

wavelength with peak position at 540 nm. Due to the Localized Surface Plasmon 

Resonance (LSPR), electrons are promoted from the Silver nanoparticles to higher states 

in the band; the same electrons are then injected into the conduction band of TiO2 

provided they have sufficient energy; the photoexcited electrons then travel faster 

through the electrolyte to counter electrode producing a cathodic photocurrent [4, 45]. 

Daniel [4] further explained that at lower temperatures (70 - 400°C), Ag/TiO2 shows 

resistance that varies from 9.6×10
00

 to 1.7×10
00

 Ω cm and at higher temperatures (400 - 

800°C) resistance values of thin films are found to decrease from 1.7×10
00

 Ω - 1.4×10
-4

 

Ω cm; the decrease in resistivity with heat treatment temperatures can be explained by: 

as silver particles size increases with increase heat treatment temperature it leads to a 

decrease in silver particles boundaries and hence the resistivity of the Ag/TiO2 thin films 

[4]. 

 

In other studies proposed that the electrical resistivity changes strongly depends on the 

shape and size of the particles; and the quality of the particle boundary, which defines 

the percolation effects [46, 47]. The effect of the silver nanoparticles size in the Ag-

NP/TiO2 composite thin films on plasmon can be investigated by Transmission Electron 

Microscopy (TEM). 
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Studies on the photocurrent density mechanism of noble metal/TiO2 composites have 

been focused on the details of the photo-induced electron transfer from the conduction 

band of TiO2 to noble metals for improving the Vis-response activity of TiO2 at lower 

Ag mol% (3-6%) [8, 17, 29]. Zhao et al. [29] reported an increase in the anodic 

photocurrent in the visible region for Ag particle dispersed electrodes, which was 

thought to result from the surface plasma resonance (SPR) of the metal nanoparticles. 

Doping TiO2 matrix with Ag-NPs has led to nearly 45% improvement in the 

photocurrent while 15% enhancement in the fill factor. It is evident that doping TiO2 

(semiconductor) with metallic particles (Ag-NPs) leads to enhancement in electron 

density leading to better charge mobility. 

 

Other application of Ag-NP/TiO2, reported by Lin [48] reported that Ag-TiO2/functional 

filter can be applied to remove the odorous compounds (such as volatile organic 

compounds, acetic acid, and dimethyl sulfide) from the industries, because these odorous 

compounds exhausts would persecute residents’ health and lower the environmental 

quality. 

 

2.5 Dye sensitizers 

Dye sensitizers are considered to be the key role in the emerging of high performance of 

Dye Sensitizers Solar Cells. They should have requirements such as strong absorption in 

the visible light spectrum to the near infrared, they should be able to bound on the 

semiconductor through the chemical group and that they should be able to inject 

electrons into a semiconductor surface [49]. 
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2.5.1 Inorganic dye sensitizers 

The most commonly used inorganic dye is the ruthenium based dyes, ruthenium (II) 

complex  containing polypyridine ligands, have been investigated by many researchers, 

this is due to their high catalytic performance in homogenous catalysis and high solar 

power conversion efficiency [10, 50]. The dinuclear ruthenium (II) dye sensitizer that 

was synthesized by Cheng et al [10] was used on the photocatalytic water splitting for 

hydrogen (H2) production over TiO2 (P25) under visible light (𝜆 ≥ 400 nm) irradiation, 

this demonstrated a good stability and sufficient reproducibility for over 6 hours. The 

photosensitization ability of the sensitizer was due to its conjugation system, larger 

molecular area, TiO2 linkage mode and the antenna effect. Ryan [11] reported that the 

most efficient dye sensitizers demonstrated to date is based on ruthenium dyes 

developed by the Grätzel group: N3, N719 and ‘black’ dye. 

 

 

 

Figure 3 Structures of the ruthenium – based dyes N3, N719 and ‘black’ dye [51, 52]. 
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2.5.2 Organic dye sensitizers 

Organic sensitizers have been used to harvest a large amount of sunlight ranging from 

the UV region to the near infrared region of the spectrum leading to power conversion 

efficiencies of up to 10.65% to 13.00% for metal free organic sensitizers [53, 54].The 

metal free organic dyes have much stronger light harvesting ability than the metal 

complexes (inorganic dyes), this is due to its outstanding higher molar extinction 

coefficients [53]. They can be synthesized and purified in an easier and more economical 

way than those of Ru-dyes. Examples of organic dyes are B18, BTD-R, Phthalocyanine, 

CPTD-R [55], zinc porphyrin dye, Anthraquinone and Co(II/III) tris(bipyridine) [54]. 

 

   

a) Anthraquinone     b) Phthalocyanine 

 

    

   c) Zinc porphyrin 

Figure 4 Structures of the metal free organic dyes [54, 55]. 
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2.5.3 Natural dye sensitizers 

Natural dyes are simply extracted from fruits, plants and leaves; they are used as 

sensitizers, where they serve as photons absorber from sunlight. There are different 

natural sensitizers; chlorophyll which is extracted from green leaves; anthocyanins 

mainly from fruits, which give color to fruits and plants (red-purple), have light 

absorbing in the range of 520-550 nm wavelengths; tannin, betalain (extracted from a 

variety of vegetable species typical of mediterranean, tropical and subtropical areas); 

roselle and carotene are responsible for the orange color of the carrot and other colors of 

many other fruits and vegetables [49, 56]. To date chlorophyll, raw anthocyanins and 

betalain dyes are the most effective natural sensitizers, resulting in the generation of 

monochromatic photon to current conversion yields exceeding 60% [56].  

 

Table 1 Comparison of the chlorophyll and roselle extract sensitized solar cell [15, 57]. 

 

 Chlorophyll  Roselle extract sensitized solar cell 

Open circuit voltage (VOC) 0.561 V 0.470 V 

Short circuit current (ISC) 0.402 mA/cm
2
 0.180 mA/cm

2
 

Fill factor (FF) 41.65% 55.2% 

Efficiency 0.094% 0.046% 
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a) Chlorophyll dyes 

Chlorophyll is a compound that is known as a chelate, meaning it contains of a central 

metal ion (Magnesium) bonded to a large organic molecule, composed of carbon, 

hydrogen, and other elements such as oxygen and nitrogen [15]. Chlorophyll is a green 

pigment, found in cyanobacteria and the chloroplasts of algae and plants. Apart from 

coloring chlorophyll has another important role. The chlorophyll function is to directly 

absorb light from the sun; transfer the light energy by resonance energy transfer to a 

specific chlorophyll pair in the reaction center of the photosystems; and finally 

performing charge separation [15]. 

 

   

  a)       b) 

Figure 5 a) plant leaves and b) a structure of chlorophyll. 

 

Chlorophyll helps to trap solar energy; when chlorophyll absorbs energy from sunlight, 

an electron in the chlorophyll molecule is excited from a lower to a higher energy state. 

The excited electron is more easily transferred to another molecule. Chlorophyll absorbs 

light from red to violet wavelengths and obtains its color by reflecting the green 

wavelength, because of its ability to absorb photon from sunlight, chlorophyll can be 

used as a dye sensitizer and it have a light harvesting invisible light spectrum [49]. From 
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the UV-Vis absorption spectrum, it has been known that chlorophyll extracted with 

distilled water has the broader region of the visible light spectrum in the range of 400 to 

720 nm compared to chlorophyll extracted with ethanol [49]. The lowest bandgap of dye 

also presented by extracted the chlorophyll with distilled water with 1.83 eV and the 

absorption coefficient of 1.59 Km
-1

 [49]. The photo electrochemical parameter for solar 

cell by using chlorophyll extracted with deionized water solvent showed the open circuit 

voltage of 440 mV, current short circuit of 0.35 mA and a fill factor of 0.49 [49]. 

Chlorophyll as a green dye is available commercially and it can be used in processed 

foods, toothpaste, soaps and cosmetics. 

 

b) Anthocyanin dyes 

Anthocyanin is a class of flavonoids (synthesized via the phenylpropanoid pathway) that 

depends on their pH and they are responsible for the red and purple coloration of many 

fruits and flowers; it has a positive absorption in the 580–700 nm region(s) on the 

spectrum and shows intense bleaching red shifted [57]. Some food plants that contain 

anthocyanins are the blueberry, raspberry, black rice, and black soybean. Anthocyanins 

are approved for use as food colorants and they can be used as pH indicators, that is 

because of their color changes with pH; when they are red or pink in acidic solutions, the 

pH < 7; when the dyes are purple in neutral solutions, the pH ~ 7; for greenish-yellow in 

alkaline solutions, the pH > 7; and they are colorless in very alkaline solutions, where 

the pigment is completely reduced [58]. 
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Figure 6 Chemical structure of anthocyanin [58]. 

 

c) Betalain dyes 

Betalain dyes are classified as a class of red and yellow indole-derived pigments found 

in plants of the Caryophyllales, where they replace anthocyanin pigments [56]. These 

dyes occurs in petals of flowers, fruits, leaves, beets, stems, and roots of plants and can 

also occur in some higher order fungi. It is thought that betalains are related to 

anthocyanins, both are water-soluble pigments found in the vacuoles of plant cells, 

however structurally and chemically they differ, for example betalains contain nitrogen 

(N) and anthocyanin do not have nitrogen; betalains are not flavonoids; and the two have 

never been found in the same plant together [59]. 

 

 

Figure 7 Chemical structure of betalain [59]. 
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Betalains are also called beetroot red after the fact that it may be extracted from red beet 

roots; they are known to be aromatic indole derivatives that are synthesized from 

tyrosine; their synthesis is promoted by light [59]. Betalains are used as coloring agents 

in food and their color is sensitive to pH. Betalain absorb light in the visible region 

between 476 nm and 600 nm, which suggest that it is good for solar cells [60]. Betalain 

dye structure has the COOH functional group, which is used to bind the dye to the 

molecule of TiO2 surface [60]. 

 

2.5.4 Comparison of synthetic and natural dye 

Table 2: Comparison of the synthetic dye (inorganic and organic dye) and natural dye 

[11, 15, 54, 60]. 

 

Parameter 

Sensitizer 

Synthetic dye Natural dye 

Cost High cost Low cost 

Environmental 

effects 

Bad effects Less effects 

Stability Slowly degrade in the 

presence of sunlight 

therefore long life of 

DSSC 

Degradation of natural dye in the 

presence of sunlight radiation 

results stability problem in DSSC 

Absorption on 

solar spectrum 

Absorption up to 800 nm Visible region (400 – 700 nm) 

Efficiency High efficiency (10% - Low efficiency (0.02– 0.094%) 
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13%) 

Availability No long term availability 100% available 

Fabrication 

process 

Requires multi procedures 

(making synthetic dye 

production very 

expensive) 

Requires simple  and direct 

chemical procedures, making 

natural dye  production less 

expensive 

 

2.5.5 Properties enhancement of dye sensitizers 

Dye sensitizer’s performance can also be enhanced by silver nanoparticles, because of its 

Surface Plasmon Resonance; this unique property can broaden the dye spectral 

absorption range with the long wavelength absorption edge shifting from 680 nm to the 

infrared region beyond 800 nm, this enhancement happens when SPR of Ag-NPs 

interacts with the dye, enhancing dye absorption resulted in more charge carrier 

generation [41]. 

 

2.6 Characterization of the thin films 

2.6.1 UV-vis spectrophotometer 

UV-vis spectrophotometry refers to absorption spectroscopy or reflectance spectroscopy 

in the ultraviolet-visible spectral region, meaning it uses light in the visible and adjacent 

(near-UV and near-infrared [NIR]) ranges. Harris defined spectroscopy as the study of 

molecular structure and dynamics through the absorption, emission and scattering of 

light, which is convenient to describe light in terms of both particles and waves [61]. The 

absorption spectroscopy uses electromagnetic radiations between 190 nm to 800 nm and 
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is divided into the ultraviolet (UV, 190-400 nm) and visible (Vis, 400-800 nm) regions 

[62]. 

 

Spectroscopy instruments requires a radiation source (varies with the wavelength range 

for which it is used), a wavelength selection device such as a monochromator, a sample 

holder (transparent to the radiation range being studied), a detector (to measure the 

intensity of the radiation and convert it to a signal) and a readout (to display and process 

the signal from the detector) [63]. 

 

The principle of absorption: to determine the absorbance, the Beer Lambert’s law is 

used. This law states that; the greater the number of molecules that absorb light of a 

given wavelength, the greater the extent of light absorption and higher the peak intensity 

in absorption spectrum; and if there are only a few molecules that absorb radiation, the 

total absorption of energy is less and consequently lower intensity peak is observed [62]. 

Beer- Lambert law:  

𝐴 = log (
𝐼𝑜

𝐼
)  =  𝜀𝑐𝐿 

Where Io = Intensity of the incident light (or the light intensity passing through a 

reference cell), I = Intensity of light transmitted through the sample solution, c = 

concentration of the solute in mol l
-1

, L = path length of the sample in cm and ε = molar 

absorptivity or the molar extinction coefficient of the substance whose light absorption is 

under investigation. The ratio I / Io is known as transmittance T and the logarithm of the 

inverse ratio Io / I is known as the absorbance A. This means when the radiation passes 

through a sample, the amount of light absorbed or transmitted is an exponential function 
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of the molecular concentration of the solute and also a function of length of the path of 

radiation through the sample. 

 

Nature of the electronic transition: when the molecule is exposed to light, The molecule 

can absorb radiation and move from the lowest energy state to a higher energy state, 

when the molecule becomes excited, an outer shell electron moves to an orbital of higher 

energy (this process of moving electrons to higher energy state is called electronic 

excitation) [63]. For radiation to cause electronic excitation, it must be in the visible or 

Uv region of the electromagnetic spectrum. Generally, the most probable transition is 

from highest occupied molecular orbital (HOMO) to lowest unoccupied molecular 

orbital (LUMO). The frequency absorbed or emitted by a molecule and the energy of 

radiation are related by: 

ΔΕ = hν 

The actual amount of energy required depends on the difference in energy between the 

ground state Eo and the excited state E1 of the electron [63]. The relationship is described 

by: 

ΔΕ= Ε1- Εo= hν 

 

Since electrons are transferred from low energy (atomic or molecular orbitals) to high 

energy (atomic or molecular orbitals) in the UV-vis spectroscopy, when the materials are 

irradiated with light, sometimes it is called electronic spectroscopy [64]. There are three 

distinct types of electrons involved in valence electron transitions in molecule. The first 

are the electron involved in the single bond, for example those between carbon and 
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hydrogen in alkanes, these bonds are called sigma (σ) bonds [63]. The amount of energy 

required to excite electrons in σ bonds are usually more than UV photons of wavelengths 

> 200nm possess, for this reason, alkanes (such as hexane) and other saturated 

compounds (compounds with only one single bonds) do not absorb UV radiation [65]. 

 

The second are electrons which involved in the double or triple (unsaturated) bonds, 

these bonds involve a pi (𝜋) bond (for example alkenes, alkynes, conjugated olefins and 

aromatic compounds [63]. Electrons in 𝜋 bonds are excited relatively easily; these 

compounds commonly absorb in the UV or visible region [65]. The last type of electron 

are the ones that are not involved in the bonding between atoms (electron in the 

molecule), these are called n electrons, for nonbonding electrons [65]. Examples of 

compounds that contain n electrons are nitrogen, oxygen, sulphur or halogens. Because n 

electrons are usually excited by UV or visible radiation, many compounds that contain n 

absorbs UV/Vis radiation. 

 

Since its development in the 1950’s the UV-Visible Spectrophotometer has progressed 

into an accurate and reliable analytical tool and it has become one of the most utilized 

instrument in today’s scientific laboratory [68]. This technique is a mature and well 

established analytical technique used extensively in many industry sectors including 

environmental analysis; pharmaceutical testing; and food and beverage production [68]. 

UV-VIS spectroscopy is routinely used in analytical chemistry for the quantitative 

determination of different analytes, such as transition metal ions, highly conjugated 

organic compounds, and biological macromolecules, in organic molecules to determine 

the impurities and in nanotechnology to determine the size, absorbance and band gap of 
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the nanoparticle [61, 63, 66]. In this research, this technique was used to study the 

absorbance of the composite thin films and to determine the band gap of the fabricated 

thin films 

 

2.6.2 Fourier-transform infrared (FTIR) spectrometers 

Fourier-transform infrared spectrometer is defined as a method used to get an infrared 

spectrum of absorption or emission of a solid, liquid or gas [67]. The Infrared region is 

divided into near-infrared region (12800 ~ 4000 cm
-1

), mid-infrared region (4000 ~ 200 

cm
-1

) and far-infrared region (50 ~ 1000 cm
-1

) [68]. When a sample is exposed to 

Infrared (IR) radiation, the radiation pass through a sample, some radiation is absorbed 

and some is transmitted through a sample; this results in a molecular “fingerprint” 

spectrum (sometimes called the molecular vibrational spectrum) of the sample [67, 68]. 

A FTIR spectrometer consists of a source, interferometer, sample compartment, detector, 

amplifier, A/D convertor, and a computer; whereby the source generates radiation which 

goes through a sample in the interferometer and reaches the detector; the signal is then 

amplified and converted to digital signal by the amplifier and analog-to-digital 

converter, respectively [68]. Finally, the signal is then transferred to a computer in which 

Fourier transform is carried out. 
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   a)      b) 

Figure 8 Represents a) block diagram of an FTIR spectrometer and b) FTIR spectra of 

chlorophyll dye [68]. 

 

This technique can be used by analysts to identify or quantify materials, since molecules 

exhibit specific IR fingerprints. FTIR technique can be applied in many fields, such as: 

organic synthesis, polymer science, petrochemical engineering, pharmaceutical industry 

and food analysis. FTIR can provide information such as [67, 68]: 

 The identification of an unknown. 

 Quantitative information, such as additives or contaminants. 

 Kinetic information through the growth or decay of infrared absorptions. 

 More complex information when coupled with other devices such as Rheometry. 

In this study, this technique was used to confirm whether the dye extracts from the 

mopane leaves and the makalani leaves are indeed chlorophyll dye. 
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2.6.3 Band Gap 

Band gap is the distance between the valence band of electrons and the conduction band; 

the band gap represents the minimum energy that is required to excite an electron up to a 

state in the conduction band where it can participate in conduction. The lower energy 

level is the valence band, and thus if a gap exists between this level and the higher 

energy conduction band, energy must be input for electrons to become free. 

 

 

Figure 9 Band gap diagram [69]. 

 

For the conductor materials the valence band overlaps with the conduction band, so there 

is no band gap, the overlap causes the electrons to move freely from valence band into 

the conduction band and participate in conduction; and for the semiconductors, the gap 

is small enough that it can be bridged by some sort of excitation (in terms of 

photovoltaic cell it can be from the from the Sun), the gap is basically some size "in-

between" that of a conductor or insulator [69]. What happen is: the electron from an 

atom close by can occupy this space, generating a chain reaction of holes and electron 
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movement that creates current and a small amount of doping material can drastically 

increase the conductivity of this material [70]. For the insulator materials, they have 

large band gap energy, which means that no electrons can reach the conduction band 

from the valence band. Band gap is one of the properties used to determine whether the 

thin film can respond to the visible light [71]. 
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CHAPTER 3: RESEARCH METHODS 

 

3.1 Research design 

Figure 10 below display the design for the research project, where two precursor 

solutions (titanium precursor solution and silver precursor solution) were used to 

fabricated composite thin films, which were then immersed in chlorophyll dye that was 

extracted from plant leaves using methanol as a solvent extract. 

 

 

 

 

 

 

 

Figure 10 Flow diagram showing project research design. 

 

3.2 Procedures 

3.2.1 Extraction of Chlorophyll as dye sensitizers from dry leaves 

Chlorophyll dye was extracted using the procedures reported by Huizhi et al [72] and 

Mahmoud et al [60]. Dry leaves were obtained from the Mopane tree, traditionally called 

Omusati and scientifically called Colophospermum Mopane shown in figure 11 (a); and 

the Makalani Palm tree, traditionally called Omulunga and scientifically called 

Hyphaene petersiana shown in figure 11 (b); all from Omusati region, in Northern 

Extraction: 

Chlorophyll 

Titanium 

precursor 

solution 

Analysis: Uv-

vis 

Spectrometer 

Thin 

films 

Thin films 

immersed 

in 

Chlorophy

ll based 

dye 

Analysis: Uv-

vis 

Spectrometer 
Silver 

precursor 

solution 

Analysis: 

Infrared 

Spectrometer 
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Namibia. All leaves were blended to fine powder and 20 g of powdered dry leaves were 

put in different beakers and 200 ml of methanol was added to each beaker. All samples 

were left in the cupboard for a week. Samples were filtered and the filtrates were stored 

in the cupboard, for analysis and future use, as shown in figure 11 (c). 

   

a) Mopane tree leaves    b) Makalani tree leaves 

 

 

    c) Chlorophyll dye 

Figure 11 a) and b) the source of chlorophyll and c) the dyes extracts. 

 

3.2.2 Preparation of the Precursor Solutions  

The precursor solutions was prepared using the procedures reported by Daniel et al [31], 

where precursor solution of Ti
4+

 containing the Ti
4+

 complex of EDTA and the precursor 

solution of Ag containing silver acetate were obtained as illustrated in scheme 3.1 and 

3.2, respectively. 
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Titania precursor solution 

 

 

 

 

 

 

 

 

Scheme 3.1 Preparation procedures of the precursor solution of Titania containing a Ti
4+

 

complex of EDTA. 

 

Silver precursor method 

 

 

 

 

 

 

 

Scheme 3.2 Preparation procedures of the precursor solution of Silver containing silver 

acetate. 

 

20.02g of Ethanol and 20.04g of Methanol, add 6.03g of Dibutylamine 

After stirring, add 6.02g of EDTA, reflux for 2 hours at 70ºC 

After cooling at room temperature, add 6.03g of Titanium tetraisopropoxide 

Reflux for 4h30 at 70ºC, cool to room temperature 

Add 2.56g of Hydrogen Peroxide and reflux for 30 minutes 

Resulting: Titania Precursor solution 

1.0g of Ethanol 

Add 0.24g of Silver acetate 

Add 0.56g of Dibutylamine and stir for 5 minutes 

Resulting: Silver precursor solution 
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3.2.3 Fabrication of Ag-NP/TiO2 composite thin films 

Cleaning procedures for the glass substrates: the glass (1.5 cm × 2.5 cm) substrates were 

cleaned using procedures reported by Karabay et al [2]; they were first washed with 

detergent and water for 30 minutes; followed by 5 minutes of acetone; and finally 30 

minutes of distilled water all in ultrasonic bath. The substrates were dried at room 

temperature. 

 

The silver precursor solution that was prepared was immediately used to dope Ti
4+

 

precursor solution to fabricate Ag-NP/TiO2 composite thin films, by adjusting the silver 

solution concentration (25, 50 and 75mol %). The silver precursor solution was 

immediately used because silver is very sensitive to light, it actually reacts with light. 

The doped and undoped solutions were spin coated on the quartz glass at double step 

mode; Step 1 used a speed of 500 rpm for 5 seconds; and step 2 used a speed of 2000 

rpm for 30 seconds. The spin coated thin films were heated at 550°C for 30 minutes and 

they were cooled for analysis. 

 

3.2.4 Fabrication of Ag-NP/TiO2/Chlorophyll dye sensitizer composite thin films 

After analysis of the Ag-NP/TiO2 composite thin films, they were then immersed in 

solutions of chlorophyll dye sensitizer for 48 hours for the dye to be adsorbed on the thin 

films [73, 74, 75, 76]. The Ag-NP/TiO2/Chlorophyll dye sensitizer thin films were dried 

in the dark cupboard for 24 hours and after drying they were analyzed. 
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3.3 Optical properties of the thin films 

3.3.1 Absorption properties of the fabricated thin films and IR spectra of extracted 

Chlorophyll 

UV-VIS Spectrophotometer (PerkinElmer machine, using scan Lambda 35 software) 

was used to study the absorption properties of the fabricated thin films. Fourier-

transform infrared (FTIR) spectrometer (Nicolet 380 FT-IR Spectrometer) was used to 

produce infrared spectra, to identify chemical compounds in the dye solution. 

 

3.3.2 Calculation of the optical band gap 

Optical band gap, sometimes called the energy gap, which generally refers to the energy 

difference between the top of the valence band and the bottom of the conduction band. 

The absorbance, proportionality constant and the photon energy was obtained from the 

UV-VIS Spectrophotometer analysis spectra, which was used to calculate the optical 

band gap (Eg) of thin films using the Tauc’s expression: 

𝛼 =
𝐴(𝐸𝑝ℎ𝑜𝑡−𝐸𝑔)𝑛

𝐸𝑝ℎ𝑜𝑡
, 

 where Ephot is photon energy, A is a proportionality constant, α is the absorption 

coefficient at wavelength λ (nm), and n is equal to 0.5 by considering values for the 

direct mode of transition [4]. 
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CHAPTER 4: RESULTS AND DISCUSSIONS 

 

4.1 The fabricated Ag-NP/TiO2 composite thin films 

Five composite thin films were fabricated at different concentrations on quartz glass, 

varying the silver (Ag) molar concentrations [0 (pure TiO2), 25, 50, 75 and 100 (pure 

100 Ag) mol%]. Figure 12 below shows the resultant fabricated thin films. The thin 

films were sintered at 550°C that is to fasten the deposited Ag-nanoparticles and most 

importantly to eliminate organic ligands from metal complexes. The composite thin 

films color varies as the concentration of silver changed, this is due to their unique 

property surface plasmon oscillations [4]. 

 

 

Figure 12 The fabricated composite thin films 
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4.2 The fabricated of Ag-NP/TiO2/Chlorophyll dye sensitizer composites thin films 

The Ag-NP/TiO2 composites thin films that were fabricated were immersed in dye 

solutions. Figure 13 shows the resultant Ag-NP/TiO2/Chlorophyll composite thin films. 

 

 

Figure 13 Ag-NP/TiO2/Chlorophyll composite thin films. 

 

4.3 Infrared spectra for the extracted Chlorophyll dyes 

IR spectra can used to identify unknown compounds in samples using their functional 

groups and it can also be used to obtain quantitative information, such as additives or 

contaminants on sample, but in this study it was used to confirm whether the dye 

extracts that were extracted from the Mopane and Makalani leaves was indeed 

chlorophyll. The spectra obtained were compared to that of the library spectrum of 

chlorophyll. Figure 14 and 15 below shows the infrared spectra of Chlorophyll dyes 

extracted from Mopane and Makalani leaves. 
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Figure 14 Infrared spectrum of the Chlorophyll dye extracted from Mopane dye. 

 

Figure 15 Infrared spectrum of the Chlorophyll dye extracted from Makalani dye. 
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Both FTIR spectra of dye extracts from different leaves (Mopane and Makalani leave) 

showed the same functional group. The FTIR spectra showed different functional groups 

that appears in the wavelength range of 4000 – 1000 cm
-1

 which is the mid-infrared 

region (4000 ~ 200 cm
-1

); with a sharper peak of C–O appearing at 1033.09 cm
-1

 and a 

broader peak of O–H at 3339.9 cm
-1

 and the lowest peak intensity of Amines appearing 

at 1012.6 cm
-1

. 

 

The spectra showed also different functional of C–H3, C–H2, C=O, C=C, aromatic and 

C–N appearing at 2923.49, 2864, 1734.1, 1615.2, 1452.6, and 1373.3 cm
-1

 respectively. 

The results obtained in these spectra are consistent with the work reported by Al-Alwani 

and his group [60].Comparing these FTIR spectra to the one of the library spectrum of 

chlorophyll, they have the similar functional groups, using this observation and data 

obtained, it is safe to say that the dye extracted and used in this research is indeed 

chlorophyll. This data can be validated using the absorption peaks of chlorophyll that are 

reported in literatures [14, 63] instead of using nuclear magnetic resonance (NMR). 

 

4.4 Characterization of the optical properties 

4.4.1 UV-Vis absorption spectra of Chlorophyll dye sensitizers 

Figure 16 displays the UV-Vis absorption spectra of Chlorophyll dye extracts from 

different plant leaves (Mopane and Makalani leaves), using methanol as a solvent. 

Chlorophyll absorbs certain wavelengths of light strongly within the visible light 

spectrum. Both dyes extracted from Mopane and Makalani leaves showed two strong 

absorption peaks located in the visible region. The first absorbance peak is in the range 
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of 400 nm to 440 nm with peak absorbance maximum at ~425 nm, and the second 

absorbance peak is in the range of 640 nm to 680 nm with peak absorbance maximum at 

~665 nm, this is consistent with the results that was reported by Syafinar et al [14] and 

Al-Alwani et al [60]. This confirmed that chlorophyll dyes were indeed extracted. 

 

The absorption peak at 425 nm proves that chlorophyll absorbs light in the blue region 

(short wavelength); the absorption peak at 665 nm proves that chlorophyll absorbs light 

in the red region (long wavelength) of the visible light spectrum; reflecting light in the 

green region (large drop region between the blue region and the red region) making the 

plant leaves to appear green [14]. 
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Figure 16 UV-Vis absorption spectra of Chlorophyll dye sensitizers. 
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4.4.2 UV-vis absorption spectra of Ag-NP/TiO2 composites thin films 

The optical properties of the TiO2, Ag-NP and Ag-NP/TiO2 thin films were studied 

using UV-vis spectroscopy. The absorption spectra of these thin films are presented in 

figure 17 below. The absorption of the entire visible region for thin films with Ag-NPs 

was stronger than that for the thin film without Ag-NPs at 410 nm, which could be the 

product of two distinct effects; firstly the absorption peak attributed to the surface 

plasmon resonance (SPR) of metallic silver nanoparticles in the TiO2 matrix was red-

shifted and broadened due to the high refractive index of anatase TiO2 [31, 34, 77]; and 

secondly a well-separated Ag-NPs with wide range of size and shape exhibited a broad 

band, improving the absorption throughout the entire visible region [78]. Red-shift, 

sometimes called bathochromic shift means a change in absorbance to a longer 

wavelength (λ) [77]. 
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Figure 17 UV-Vis absorption spectra of Ag-NP/TiO2 composite thin films. 
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The 100% TiO2 thin film did not show any absorbance peak in the visible region because 

of its wide band gap, which remains confined to the UV-region. The 100% Ag thin film 

showed an absorbance peak in the range of 360 nm to 450 nm, with absorbance peak 

maximum at ~410 nm (in the visible region) which was due to the surface plasmon 

resonance  (SPR) and hence confirming the present of silver nanoparticles [31]. Due to 

the SPR, it results in strong enhancement of the local electromagnetic fields surrounding 

the nanoparticles [30]. 

 

The 50%Ag-NP/50%TiO2 and 25%Ag-NP/75%TiO2 composite thin films both showed 

absorption peaks in the range of 350 nm to 460 nm with absorbance peak maxima at 

~410 nm; this means that the silver nanoparticles have influenced the absorbance in the 

visible region due to its unique property the surface plasmon resonance, confirming the 

red shift of the TiO2 matrix. The 75%Ag-NP/25%TiO2 composite thin films firstly 

showed tremendous increase in absorbance with a distinctive absorption peak in the 

range of 350 nm to 450 nm, with absorbance peak at ~415 nm; and secondly showed a 

broader band at 550 nm. The SPR peak is increasing with increase Ag-NPs in titania 

matrix, this property enhanced the absorption and the photo responsive properties of the 

TiO2 in the visible region [80]. 
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4.4.3 Uv-vis absorption spectra of Ag-NP/TiO2/Chlorophyll dye sensitizer 

composites thin films 

 

a) Thin films immersed in chlorophyll dye extracted from Mopane leaves 

Figure 18 presents the UV-vis absorption spectra of composite thin films (Ag-

NP/TiO2/Chlorophyll dye), that were immersed in the chlorophyll dye extracted from 

Mopane tree leaves, using methanol as a solvent. The TiO2, Ag-NPs and Ag-NP/TiO2 

thin films showed tremendous absorption enhancement when the chlorophyll was 

adsorbed onto them, which can be explained by metal-to-ligand charge transfer, through 

which the photoelectric charge is injected into the TiO2 [11,10] and surface plasmon 

resonance [77], notably some peaks were seen to red shift.  
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Figure 18 Absorption spectra of the Ag-NP/TiO2/Chlorophyll dye composite thin films, 

chlorophyll dye extracted from the Mopane tree leaves. 

 

Both the 100%TiO2/Chlorophyll dye and 100%Ag-NP/Chlorophyll dye thin film showed 

absorbance peaks that were enhanced towards the longer wavelength of 500 nm. The 

thin films consisting of the 25%Ag-NP/75%TiO2/Chlorophyll dye composition showed a 

broad absorbance peak extended towards longer wavelengths (400 nm to 550 nm), with 

peak maximum at ~460 nm. The 50%Ag-NP/50%TiO2/Chlorophyll dye thin film 

showed a strong distinctive absorption peak in the range of 400 nm to 650 nm, with 

absorbance peak maximum at ~540 nm, comparing this thin film to that of 50%Ag-

NP/50%TiO2 thin film in Figure 16, there is definitely an enhancement. 

 

SPR and MLCT effects 
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The thin film of the composition 75%Ag-NP/25%TiO2/Chlorophyll dye showed a strong 

broader absorbance peak that cover the part of the UV-region, visible region and extend 

to the near infrared of the spectrum. This absorbance peak lays in the wavelength range 

350 nm to 760 nm, with absorbance peak maxims at ~570 nm. These remarkable results 

could be explained by the unique properties, the SPR and MLCT; and the coupling 

between the dye and plasmon resonance, leading to the enhancement of charge 

separation by improving the absorption of the dye [77]. The photo response and 

photocatalytic activities of TiO2 are further increased throughout the visible region. 

 

b) Chlorophyll dye extracted from Makalani leaves 

Figure 19 represent the UV-VIS absorption spectra of Ag-NP/TiO2/Chlorophyll dye 

composite thin films. The dye used was extracted from Makalani tree leaves, using 

methanol as a solvent. The 100%TiO2/Chlorophyll dye thin film showed an absorbance 

peak in the wavelength range of 440 nm to 600 nm, with the absorbance peak maxims at 

~520 nm, this response of the peak at about 520 nm indicate metal-to-ligand charge 

transfer [77]. The 100%Ag-NP/Chlorophyll dye thin film, showed a shift in absorbance 

peaks, from 410 nm of the 100%Ag-NPs in figure 16 to 520 nm, which can be explained 

by the coupling between the dye and plasmon resonance [77]. 

 

The 25%Ag-NP/75%TiO2/Chlorophyll dye, 50%Ag-NP/50%TiO2/Chlorophyll dye and 

75%Ag-Np/25%TiO2/Chlorophyll dye thin films presented wide stronger broader 

absorption peaks with the wavelength range of 370 nm to 650 nm, 370 nm to 690 nm, 

and 370 nm to 710 nm respectively. This enhanced absorption and broadened spectrum 

absorption range of the thin films could be mainly caused by the SPR of Ag-NPs, which 
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interacted with the dye, enhancing both the dye and TiO2 absorption that resulted in 

more charge carrier generation [11, 77]. 
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Figure 19 Absorption spectra of Ag-NP/TiO2/Chlorophyll dye composite thin films, 

chlorophyll dye extracted from Makalani tree leaves. 

 

4.5 Calculation of the optical band gap 

4.5.1 Optical band gap of Ag-NP/TiO2 composite thin films 

By studying the absorption band edge of the spectra presented in figure 20, the TiO2 thin 

film showed a low-intensity absorption band in the vis-region; however, its absorption 

intensity increased steeply (band edge) at shorter wavelengths. In contrast, the Ag NP 

film showed a strong and broad absorption band at around 410 nm; however its 

MLCT and SPR effects 
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absorption band edge shifted to shorter wavelengths in the UV region upon increasing 

the Ag content in TiO2. 

 

This demonstrated that the Ag particles in the TiO2 matrix did not narrow the band gap 

of TiO2. When Ag NP film is irradiated with vis-light, a large oscillating electric field is 

observed around the metal particles [25]. The absorption band in the visible region 

corresponds to the SPR characteristic of Ag NPs. The band gaps remains as that of pure 

TiO2 as shown in figure 20, calculated using Tacs expression using a direct band gap 

value. The band gap was found to be 3.50 as reported by Nagai et al [30] and Daniel et al 

[25]. 

 

Figure 20 Optical band gap values for TiO2 thin films. The extrapolation of the straight 

line of α = 0 give the direct band gap of 3.50 eV. 
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4.5.2 Optical band gap of Ag-NP/TiO2/Chlorophyll dye composite thin films 

Table 3 presents the band gaps in electron volts (eV) extrapolated from the straight line 

of α ꞊ 0. The wide band gap of TiO2 is narrowed when the dye was added. It even 

decreased further with an increase of Ag-nanoparticles in TiO2. 

 

Table 3 Shows a summarized optical band gap of the fabricated thin films. 

 

 

Notation 

Band gap (eV) 

Thin films without  

chlorophyll dye 

Thin films with Chlorophyll dye 

From Mopane 

leaves 

From Makalani 

leaves 

TiO2 3.50 3.34 3.2 

25%Ag-NP/75%TiO2 3.50 1.9 1.8 

50%Ag-NP/50%TiO2 3.50 1.7 1.7 

75%Ag-NP/25%TiO2 3.50 1.4 1.4 

Ag-NP         -      -       - 

Chlorophyll dye         - 1.8 1.8 

 

The band gap of the fabricated thin films was in the range of 1.4 and 3.50 eV, with 

75%Ag-Np/TiO2/Chlorophyll dye thin film with lowest band gap of 1.4 eV and highest 

band gap of 3.5 eV obtained from the TiO2 thin film, this is the same as the one reported 

for TiO2 thin films fabricated by Molecular precursor method [30, 43]. The band gap of 

the chlorophyll dye was 1.8 eV, which is the same as those reported in literature [49]. 

The non-metal substitutional doping of TiO2 was early claimed as a method for 
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narrowing the band gap by exclusively changing the valence band structure. Today it is 

well known that the introduction of non-metal such as N, C and S [2, 20, 25] impurity in 

TiO2 do shift the energy levels above the parent TiO2 valence enabling the thin film to 

be responsive to Vis light [4]. By doping TiO2 with silver nanoparticles and chlorophyll 

dye (made up of mainly C and N), the TiO2 band gap actually got reduced, hence 

improving and shifting the threshold of the photo-response of TiO2 into the visible 

region. This is due to the presence of the dye, where by the TiO2 – Dye charge transfer 

transition, through which the photoelectric charge is injected into the TiO2 [11, 10] as 

illustrated in figure 21.  

 

   

      

 

Figure 21: Illustrating the absorption of photon for Ag-NP/TiO2/Chlorophyll dye thin 

film. 

Currently there appears to be some agreement on the mechanism of nitrogen from 

Chlorophyll doped visible light absorption explained by Nagai et al., [30] and seconded 
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by Daniel [31]. All the three articles explained that TiO2 oxygen lattice sites substituted 

by nitrogen atoms form an occupied mid gap (N−2p) level above the (O−2p) valence 

band. Irradiation with UV light (hv ≤380 nm) excites electrons in both the valence band 

and the narrow (N−2p) band, but irradiating with visible light (hv >380) nm only excites 

electrons in the narrow (N−2p) band. Based on band structure analysis, a plasmonic-

band gap narrowing mechanism is proposed in figure 21; namely, two-step visible-light 

absorption is caused by the localized surface plasmon resonance of metallic Ag 

nanoparticles and the band gap photoexcitation of TiO2. The present results thus 

suggests that metallic Ag nanoparticles and the dye can act as an effective active 

component for the construction of a plasmonic-band gap narrowing visible-light 

mechanism, illustrated in figure 22 below. 

 

Figure 22: Schematic diagram of the absorption of photon Ag-NP/TiO2/Chlorophyll dye 

thin film. 
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Figure 21 and Figure 22 demonstrate an engineering mechanism explaining the 

observation happening between the Chlorophyll dye and metal semiconductor during the 

action of visible light. D
0
, D

1
 and D

+
 are the sensitizer in the ground, excited, and one- 

electron oxidized states respectively. This titled as a plasmonic-band gap narrowing 

visible-light mechanism. 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

In this study thin films were fabricated using the molecular precursor method (MPM) to 

investigate the optical properties. The chlorophyll dye was successfully extracted from 

the Mopane and Makalani leaves; and the composite thin films (the Ag-

NP/TiO2composite thin films and the Ag-NP/TiO2/Chlorophyll dye sensitizers’ 

composite thin films) were successfully fabricated. The absorption properties of the 

fabricated thin films were successfully characterized using the UV-vis 

Spectrophotometer. 

 

Based on the results that were obtained, TiO2 can actually be enhanced by Ag-NPs and 

the Chlorophyll dye, the absorption of TiO2 was extended into the ultraviolet to the near-

field amplitude at well-defined wavelengths in the visible region, in the wavelength 

range of 380 nm to 730 nm. These remarkable increments can be explained by the metal-

to-ligand charge transfer, through which the photoelectric charge is injected into the 

TiO2 and the coupling between the dye and plasmon resonance, leading to the 

enhancement of charge separation by improving the absorption of the dye. The band gap 

of undoped TiO2 was reduced from 3.50 eV to 1.4 eV for TiO2 when doped with Ag-

NPs and Chlorophyll dye. These results can be used in fabrication of photovoltaic 

devices and water heating systems. 
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It was learned that when the amount of Ag nanoparticles were increased in the TiO2 

matrix, it resulted in the exhibition of plasmon peak at 410 nm and increased the 

absorption of the composite thin films, due to the band gap narrowing, hence improving 

the photo response and photocatalytic properties of TiO2. When the Chlorophyll dye was 

adsorbed onto the Ag-NP/TiO2 composite thin films, it improved and shifted the 

threshold of the photo-response of Ag-NP/TiO2 composite thin films into the visible 

region. 

 

5.2 Recommendations 

Further studies that can be done on this research are: to investigate the photocurrent 

density of the doped TiO2 and to construct a dye sensitizer solar cells (DSSC) using the 

obtained thin films; to extract the dye from fresh leaves of plants, controlling the 

temperature and investigate the stability of the dye extracted. 
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7. APPENDICES 

 

Appendix I: Optical band gap of Ag-NP/TiO2/Chlorophyll dye composite thin films (the 

dye extracted from Mopane leaves) 
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    e) 

Figure 23 Optical band gap values for Ag-NP/TiO2/Chlorophyll dye thin films. The 

extrapolation of the straight line of α = 0 gives the direct band gap of 3.3, 1.9, 1.7, 1.4 

and 1.78 eV for TiO2/Chlorophyll dye, 25%Ag-NP/75%TiO2/Chlorophyll dye, 50%Ag-

NP/50%TiO2/ Chlorophyll dye, 75%Ag-NP/25%TiO2/Chlorophyll dye and Chlorophyll 

dye thin film respectively. 

 

Appendix II: Optical band gap of Ag-NP/TiO2/Chlorophyll dye composite thin films 

(the dye extracted from Makalani leaves) 

 

The diagrams in figure 23 present the direct band gap (eV) of the Ag-

NP/TiO2/Chlorophyll dye thin films (Chlorophyll dye extracted from the Makalani 

leaves). 
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    e) 

 

Figure 24 Optical band gap values for Ag-NP/TiO2/Chlorophyll dye thin films. The 

extrapolation of the straight line of α = 0 gives the direct band gap of 3.2, 1.8, 1.7, 1.4, 

and 1.76 eV for TiO2/Chlorophyll dye, 25%Ag-NP/75%TiO2/Chlorophyll dye, 50%Ag-

NP/50%TiO2/ Chlorophyll dye, 75%Ag-NP/25%TiO2/Chlorophyll dye, and Chlorophyll 

dye thin film respectively. 
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