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Abstract  

To study the optical and photocatalytic properties of zinc oxide (ZnO or zincite), thin films doped 

with metallic silver-nanoparticles (Ag-NPs), with various amounts of Ag (20 mol% ≤ n ≤ 80 mol%), 

were fabricated on a quartz glass substrate at 600°C in air using the molecular precursor method 

(MPM). The fabricated thin films were analysed and X-ray diffraction (XRD) patterns of Ag 

nanoparticles, zinc oxide, and composite AgNP/ZnO films were measured using an X-ray 

diffractometer. XRD patterns of ZnO thin film showed that the pure ZnO is c-axis (002) oriented. 

The XRD spectrum of pure Ag elucidated that the resultant silver film contains Ag crystallized in 

the cubic system. UV/Vis absorption spectra of the composite AgNPs/ZnO thin films revealed a 

surface plasmon resonance (SPR) peak around 410 nm. The 80% Ag film was found to experience 

the highest SPR. The intensity of wide-range absorption in the visible region increased with an 

increase in the Ag content in ZnO matrix, hence an increase in the SPR peak. This increase in the 

SPR absorption is due to the decrease in the amount of ZnO, hence the thin films become more 

metallic and also hence why the 80% film experiences the highest SPR. The bandgap of ZnO was 

also determined using the absorption spectra of naked ZnO and composite AgNPs/ZnO thin films 

and was found to significantly decrease from 3.30 eV for a naked ZnO to 2.30 eV for the 

composites. The photocatalytic activity of MO decoloration was investigated quantitatively by 

monitoring the changes between the initial MO absorption spectra and the final MO absorption 

spectra intensity positions, as well as qualitatively by determining the decoloration rate of MO 

(nM min−1). The absorption spectra of decoloration of 0.02 × 10−3 M MO aqueous solution tested 

under visible light irradiation and dark, for 8 h respectively, by employing the naked ZnO thin 

film, pure Ag-NP, composite thin films and the blank. The decoloration rates monitored by the 
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absorption intensity of the MO solution indicated that the composite thin films of Ag are effective 

under visible irradiation.  The index of photocatalytic activity (IPCA) values extracted from 

decoloration rate of 0.02×10–3 M MO solution by photoreaction with each thin film and a blank 

show that, under visible light irradiation, none of the composite samples exhibits more 

photoactivity than the 80 % Ag composite thin film.  All of the composite samples are more 

photoactive than pure ZnO under both dark and visible light irradiation. The different results reveal 

that the photoactive enhancement mechanisms under dark and visible light irradiation are different. 

Undoped ZnO exhibits no photocatalytic reaction properties. Absorption spectra of the thin films, 

suggested that the visible responsive activity of the composite thin films is due to SPR of AgNPs. 

It was also elucidated that the vis-responsive level of the composite thin films corresponds to their 

change in band gaps depend on the Ag content. On the basis of photo excited electron transfer 

from AgNPs to the ZnO conduction band, the excellent response to vis-light and major factors 

affecting the photo response were clarified by SPR
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Chapter 1: Introduction 

 

1.1 Background of the study 

Photocatalysis is one of the main chemical routes for destruction of environmental toxic pollutants. 

Metal oxide semiconductor heterogeneous photocatalysts are playing an important role in many 

industrial and technological processes, in both environmental and biomedical application [1]. 

Among many metal oxides, zinc oxide (ZnO) possesses excellent photocatalysis properties [2]. 

Three dissimilar optical band gap values (3.1, 3.2, and 3.3 eV) of ZnO single crystals at room 

temperature have been reported in literature [3]. It is however concluded that the band gap of ZnO 

crystals at room temperature is 3.3 eV and this was established by comparing the optical properties 

of ZnO crystals by using a variety of optical techniques [3]. Truong et al. [4] found that when ZnO 

catalysts are subjected to sunlight irradiation with photons of energy equal or higher than their 

band gap (3.3 eV), the generated electron hole pairs can induce formation of reactive oxygen 

species (ROS), such as •OH and O2, that are directly involved in the oxidation processes leading 

to degradation of natural organic matters (NOM) such as methyl orange (MO) [5].  

 

Nanosized noble metal particles or nanoparticles have received widespread attention owing to their 

vital potential applications [6]. Recent research extensively describes and reviews the properties, 

preparation methods and applications of nanoparticle catalysts [7]. Many researchers [8 - 10] have 

demonstrated that the addition of noble metals, such as Pt, Au, Cu, Ag, and metal oxide 

semiconductors to ZnO, can effectively enhance the degradation efficiency of photocatalytic 

reactions. This is because they act as an electron trap promoting interfacial charge transfer 

processes in the composite systems. As a result, more photo induced holes will have opportunity 
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to participate in the oxidation reactions on the surface. Nevertheless, the chance of recombination 

of photo induced electrons and holes will increase leading to reduction in the rate of a 

decomposition reaction with further loadings of noble metal particles [11].  

 

There are many techniques for the fabrication of nano porous ZnO films such as pulsed laser 

deposition [12], thermal evaporation [13], magnetron sputtering [14], electrodeposition [15], sol-

gel [ 16], spray pyrolysis [17] and molecular precursor method (MPM) [18]. Among these 

methods, MPM has received increasing attention due to the easy control of film morphology, low-

cost processing, high throughput, and the possibility to use various substrates. Unfortunately, ZnO 

has many drawbacks which limits its practical applications in the field of photocatalysis. One of 

the drawbacks is that the band gap of ZnO is located in the UV region (λ < 400 nm), which 

represents less than 5% of the entire solar spectrum. Similarly, ZnO has a high electron/hole 

recombination rate, which effects the efficiency of dye degradation [4]. Additionally, the light 

etching effects make ZnO unstable [19]. Therefore, there is a tendency of adding an amount of 

plasmonic metal over the ZnO surface to overcome these drawbacks. Many metals such as 

platinum (Pt), silver (Ag), copper (Cu), aluminium (Al), and palladium (Pd) can act as plasmonic 

metals. The absorption of ultraviolet–visible (UV–Vis) light of ZnO can be enhanced by the 

addition of noble metal nanoparticles which exhibit surface plasmon resonance [20]. Plasmonic 

nanoparticles exhibit absorption cross sections which can be several or even tens of times higher 

than the physical cross section [21]. The plasmonic nanostructures are widely used in many 

applications due to their unique optical properties due to the existence of surface plasmon 

resonances. The surface plasmon resonance (SPR) is generated when the free electrons within the 

nanoparticles are induced to oscillate coherently by interacting electromagnetic fields of the 
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incident light. The surface plasmon resonance causes strong localized electric fields around the 

nanoparticles which improve the interaction between light and nanostructures [22]. The oscillating 

conduction electrons collide with the ion lattice of the plasmonic nanoparticles due to the light-

induced electric field. These electron-ion scattering events are translated into generated heat. 

Plasmon-induced hot-electron generation at the metal/semiconductor interface improves the 

efficiency and durability of photocatalysts [23]. However, most of these metals (Cu, Pd, and Al) 

are susceptible to oxidation which causes a negative effect on the plasmonic resonance [23]. This 

leaves Pt and Ag as excellent co-catalysts for photocatalytic H2 production due to its high chemical 

stability and non-toxicity as compared with other noble metals. However, Pt is very expensive 

compare to Ag, consequently the latter is extensively studied [23, 24.].  

 

Moreover, the SPR absorption band (410 nm) of Ag is very close to the 

band gap (3.3 eV) of ZnO, which increases the energy transfer between 

Ag and ZnO due to the strong local electrical field induced by SPR. Also, 

the work function of the metal determines the electron transfer 

direction for the metal/ZnO nanostructures. Ag has a higher work 

function than ZnO, which is why Ag is one of the best choices [25]. By 

spin coating the composite precursor solution on quartz glass 

substrates, the potential of producing metallic Ag-nanoparticles/zinc 

oxide (Ag NP/ZnO) composite thin films with various and 

unprecedentedly high Ag particles, up to 80 mol % of Ag homogeneously 

distributed in a ZnO matrix may fabricated using MPM. This is because 
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MPM offers excellent miscibility of the silver and titania precursor 

solutions, it is also effective for overcoming the limitations in 

miscibility of the conventional sol-gel method. This method is 

necessary for fabricating Ag/ZnO composite thin films with amounts of 

Ag ≤ 80 mol% [26].   

Methyl orange (MO) is a heterocyclic aromatic chemical compound with molecular formula 

C14H14N3NaO3S. It has many uses in a range of different fields, such as biology and chemistry. It 

appears as a solid, odourless, dark-orange powder that yields an orange solution when dissolved 

in water at room temperature. This dye is stable and incompatible with bases, reducing agents, and 

strong oxidizing agents. During a chemical or biological reaction pathway, this dye compound not 

only depletes the dissolved oxygen in water bodies but also releases some toxic compounds to 

endanger aquatic life [27]. It has been reported that MO is capable of being photobleached, 

demethylated, and photodegraded under visible light irradiation on a suitable catalyst [26]. 

Sangpour et al. [27] add that “Some of the nanosystems such as ZnO film or its nanoparticle 

catalysts can decompose MO to safe solution under UV irradiation” (pg. 13955). 

This is the first comprehensive and comparative research on the fabrication, characterization, and 

study the photocatalytic activity on the Ag-NP/ZnO composite thin films with various and high 

composition of Ag particles (up to 80 mol% of Ag homogeneously distributed in a ZnO matrix) 

fabricated using molecular precursor method (MPM) for the degradation of MO. According to 

Nagai et al. [28], ‘MPM is based on the design of metal complexes in coating solutions with 

excellent stability, homogeneity, miscibility, coatability, etc., which have many practical 

advantages’ (p.300). It eliminates organic ligands in the precursor metal complexes and provides 
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important functions to the metal oxides in the chemical fabrication of Ag/TiO2 composite thin 

films with high conductivity [28]. Therefore, using MPM would be possible in fabricating 

homogeneous metal oxide such as ZnO thin films on substrates using heat treatment methods. In 

this thesis, the fabrication and effect of addition of silver nanoparticles into ZnO-based system 

matrices is compared to pure ZnO films during the photocatalytic degradation reaction of MO in 

the presence of sunlight irradiation.  

1.2 Statement of the problem 

Current methods used to fabricate thin films are complicated and they produce inhomogeneous 

thin films especially at high doping concentrations. Moreover, the information on the suitability 

and efficacy of this technique as a viable alternative to producing quality ZnO thin films as 

photocatalysts have not been established.  Therefore, the MPM is used to fabricate ZnO thin films, 

additionally, this method of preparation and characterization of new fabricated ZnO would 

contribute towards the knowledge of the fabrication and the rate enhancements of decolourization 

of organic compounds. ZnO can be used as solar material due to decreased bandgap. This will 

prove the hypothesis that the metallic plasmonic in a semiconductor enhances rates of 

photocatalytic reactions currently reported in literature. 

 

1.3 Objectives of the study 

The objectives of the study were: 

(i) To fabricate pure ZnO and Ag-NP/ZnO composite thin films using MPM. 

(ii) To determine the structural and optical properties of the fabricated thin films. 
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(iii) To investigate the photocatalytic reduction of Methyl orange by Ag-NP/ZnO composite 

thin films. 

 

1.4 Significance of the study 

The fabrication and characterisation of Ag-NP/ZnO composite thin films were investigated for the 

first time using a simpler method. Introduction of silver led to a red shift in the optical band gap 

of zinc oxide. Economic value of ZnO will be enhanced. The findings validated a positive 

relationship exists between Ag-NP surface plasmon absorption and the rate enhancements of 

decolourization, thus proving the hypothesis that the metallic plasmonic in a semiconductor 

enhances rates of photocatalytic reactions. 

 

 

 

 

 

 

 

 

 



7 
 

 

 

 

Chapter 2: Literature review 

2.1 Importance of composite materials 

Composites are made by combining one or more substances or materials with different physical 

and chemical properties. The positive aspects of composite materials range from high durability, 

corrosion resistance, low cost, light weight to tight tolerance. The selection of suitable 

combinations of matrix and strengthening material can lead to a new material that meets the 

requirements of a particular application [29]. Recent research showed that the distinct components 

of the composite materials remain separate within the finished structure [30]. The first use of 

composite materials dates back to as far as 1500 BC. when a mixture of mud and straw were used 

to create strong and durable buildings [31]. Due to the advantages and the presence of a 

combination of properties in composite materials, it has led to the widespread application in many 

different industries [31]. The industries that greatly employ the use of composite materials are 

construction industries, aerospace and car industries. There also exist composites that are on the 

nano scale related greatly to this research termed nanocomposites.  Nanocomposites are generally 

defined as a matrix to which nanoparticles are added to advance a particular property of the 

material [32]. Various applications of nanocomposites include producing batteries with greater 

power output, speeding up the healing process for broken bones, producing structural components 

with a high strength-to-weight ratio, lightweight sensors and nanoparticles composite thin films. 
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Daniel and his team [33] use the MPM to dope silver nanoparticles in to the titanium oxide matrix 

fabricated with heat-treatment of the mixed precursor films at 600°C in air. As a result, Ag-

NP/TiO2 composite thin films containing various concentrations (10-80 molar %) of the silver 

nanoparticles were tested as potential photocatalysts. The photocatalytic activity of these 

composite thin films was compared to the photocatalytic activity of pure TiO2 in the photo 

oxidation reaction of model compound, methylene blue (MB).  It was proven that a large amount 

of silver nanoparticles (>10% Ag molar concentration) greatly decrease photocatalytic activity of 

TiO2 under UV light irradiation. The Ag-NP/TiO2 composite thin films showed oxidation activity 

significantly higher than pure TiO2 under visible light irradiation.  

 

2.2 Fundamental aspects of mixed metal oxide nanoparticles 

Due to the essential properties and value in applications of metal oxide composites, noteworthy 

efforts have been devoted into the growth of oxides as composite and as thin films [30]. Moreover, 

oxide-based compounds indicate a diverse assortment of properties [30]. Akram et al. [34] stress 

that “Mixed Metal Oxides (MMO) have been attracting growing attention because these 

nanoparticles have wonderful energy storage applications” (p.18). Various synthesis methods of 

MMO’s have been developed by scientists as outlined and explained briefly below as different 

synthesis methods for the preparation of ZnO thin films.  
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2.3 Fabrication of silver doped ZnO thin films 

Doped ZnO thin films are very interesting for the production of optical devices [28]. There a 

various method of fabricating ZnO thin films namely molecular beam epitaxy [35], metal organic 

vapor deposition [36], sputtering [37], MPM and sol-gel spin coating [38]; chemical vapour 

deposition, sputtering and radio frequency sputtering have been employed in the synthesis of ZnO 

thin films [39]. The MPM is based on the design of metal complexes in coating solutions with 

excellent stability, homogeneity, miscibility, coatability, etc., which is a practical advantage 

compared to other methods [28]. Razeen et al. [39], however, explain that ‘among these methods, 

sol-gel spin coating has some advantages such as chemicals control, doping feasibility, and low-

cost fabrication’ (p.131). The precursor films involving metal complexes should be amorphous, 

just as with the metal/organic polymers in the sol–gel processes; if not, it is impossible to obtain 

metal oxide thin films spread homogeneously on substrates by subsequent heat-treatment [31]. 

 

2.3.1 Molecular Beam Epitaxy 

Research outlines that Molecular Beam Epitaxy (MOE) is an advanced ultra-high-vacuum facility 

to make compound semiconductor materials with great precision and purity [40]. MOE is a 

prevailing technique both for research into new materials, layer structures, and for producing high-

performance semiconductor devices [40]. Pan et al. reveal the resultant structure of ZnO grown on 

sapphire substrates by plasma-assisted molecular beam epitaxy [41] and the structure is shown in 

Figure 1 below. 
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Figure 1: XRD spectrum of ZnO thin film grown on a-plane sapphire (41: pg. 4432) 

 

They established that ZnO thin films could be effectively grown on a-plane sapphire using MBE, 

which display good crystalline and optical properties [41].  

 

2.3.2 Metal organic vapor deposition 

Metal Organic Chemical Vapour Deposition (MOCVD), sometimes called Metal Organic Vapour 

Phase Epitaxy (MOVPE) is a much higher throughput technique when compared with MOE [42]. 

MOCVD is dependent on the gas phase transfer of the material to be deposited on the substrate; 

the deposition occurs via a chemical reaction at the substrate surface and results in a high quality 

epitaxial thin-film deposition [42]. Zeng et al. fabricated boron-doped zinc oxide thin films grown 

by metal organic chemical vapor deposition with various boron contents and under different 
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deposition temperatures [43]. The XRD patterns of the resultant thin films are displayed below in 

Figure 2.  

 

Figure 2: XRD patterns of BZO films deposited at different substrate temperature (43: pg. 260) 

 

2.3.3 Sputtering 

Sputtering is a method that uses inflated temperatures at high vacuum to eject atoms or molecules 

off a material surface [44]. In this technique, the target material and the substrate are positioned in 

a vacuum chamber and a voltage is applied between such that the target is the cathode and the 

substrate is attached to the anode [44]. A plasma is produced by ionizing a sputtering gas (inert 

gas) which bombards the target and sputters off the material to be deposited [44]. The most 

prominent advantage of this technique is its ability to coat large areas uniformly. Figure 3 below 

demonstrates the sputtering technique. 
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Figure 3: Illustration of sputtering (44: pg.1) 

 

2.3.4 Sol-gel spin coating 

Sol-gel is a procedure whereby solid materials are formed from small molecules.  According to 

Pathak et al. [45] sol–gel-based coatings are being utilized in each sector of engineering 

application, however, the industrialization of sol–gel coatings is still in the initial stages of 

development. Khan et al. [46] fabricated highly oriented and transparent undoped ZnO thin films 

on ultrasonically cleaned quartz substrates by the sol-gel technique and the films were prepared on 

ultrasonically cleaned quartz substrates using a spin-coating unit. The XRD pattern of the films 

fabricated using this technique [46] yielded “peaks that correspond to the peaks of standard ZnO” 

(pg. 341). The XRD pattern of ZnO thin films fabricated using sol-gel method is shown in Figure 

4 below. 
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Figure 4: XRD pattern of ZnO thin films fabricated using sol-gel method (46: pg.341) 

 

The XRD pattern of ZnO thin films fabricated using sol-gel method is shown in Figure 4 above. 

Further research [47] shows that ZnO thin films doped with manganese were successfully 

fabricated by the sol-gel method. The manganese content was varied from 0 to 7% of molar weight 

[47] and XRD was used to study the microstructure of the fabricated films “reveal that all the films 

are single crystalline with a hexagonal wurtzite structure” (pg. 53); Figure 5 shows this.   
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Figure 5: XRD pattern of Mn-doped ZnO thin films (47: pg.53) 

 

2.3.5 Molecular Precursor Method (MPM)  

MPM is a wet process for the formation of thin films of various metal oxides [29]. Nagai et al. 

[29] clarify that “Metal complex anions with high stab5ility can be dissolved in volatile solvents 

by combining them with the appropriate alkylamines; the resultant solutions can form excellent 

precursor films through various coating procedures” (pg. 300). The concept of the technique is to 

apply an alcoholic precursor solution of an EDTA metal complex on the substrate and heat treat 

the metal at temperatures of 500-700°C. Heat treatment is necessary to eliminate organic ligands 

from metal complexes involved in spin-coated precursor films and to fabricate thin films of 

crystallized metal oxides or phosphates. According to Nagai et al. [29], the resultant crystal size 

of the oxide particles produced by the MPM was found to be smaller compared to those synthesized 

by the sol-gel method. The crystallites size generated from this method of fabrication is attributed 

to the nucleation process of crystallized metal oxides. In a typical metal nanoparticle/composite 
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material synthesis, it is ideal that the crystallite size of metal particles be smaller than that of the 

dopant metal oxide. Another group of researchers [33] fabricated TiO2 thin films and composite 

Ag-NP/TiO2 films using the MPM and the XRD analysis (shown in Figure 6 below) revealed that 

“no phases other than titania and metallic silver were present in the composite thin films” (pg. 

3893), which is further evidence that the MPM is an excellent method.  

 

Figure 6: XRD pattern of TiO2 and AgNPs/TiO2 thin films fabricated using the MPM (33: pg. 

3893). 

 

2.4 Modification of ZnO to be active under visible light  

Candal et al. [48] mention that semiconductors such as ZnO, ZnS, Nb2O5, Ta2O5, and BiTaO4 have 

been described to exhibit excellent performance as photocatalysts. Semiconductors doped with a 



16 
 

transition metal as photocatalysts have been employed in order to improve their physical 

properties. There are semiconductors with narrow band gaps such as, Fe2O3 and CdS, with band-

gap values of 2.5 and 2.3 eV, respectively. They however do not exhibit catalytic properties as the 

energy levels of either their conduction or valence bands are unsuitable to construct light-

harvesting assemblies [31]. Various techniques have been tested to enable ZnO to be active under 

visible light and these techniques include surface modification via organic materials, 

semiconductor coupling, band gap modification by creating oxygen vacancies and oxygen sub-

stoichiometry and co-doping of non-metals [49].   

 

2.4.1 Surface modification via organic materials 

Photocatalytic oxidation of several harmful inorganic pollutants (arsenic, lead, air pollutants, etc.) 

and organic dyes in industrial wastewater has been carried over TiO2 and ZnO semiconductor 

oxides under UV light irradiation [49]. Li et al. [50] explain that the pre-requisite for an efficient 

photocatalyst is that the redox potential for the release of hydrogen and oxygen from water and for 

the formation of active species like hydroxyl radicals (OH•), hydrogen peroxide (H2O2) and super 

oxide (O2
•−) must lie within the band gap of a semiconductor photocatalyst, Figure 7 below 

illustrates this. Narrow band gap semiconductors that are able to absorb visible light are generally 

unstable in aqueous suspensions and consequently are not suitable for photocatalytic applications 

[51]. ZnO being a wide bandgap semiconductor is suitable for degradation of organic pollutants 

due to its high quantum efficiency [51], however it is only active under UV light irradiation.  

Research conducted by Rehman et al. [49] suggest that “dye sensitization is one useful tool to 

induce visible light photocatalysis on the surface of wide band gap semiconductors like TiO2 which 

are otherwise inactive under visible light” (pg. 561).  
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Figure 7: Visible light activation of a wide band gap semiconductor by dye sensitization (49: pg. 

561) 

  

2.4.1 Band gap modification by creating oxygen vacancies 

Visible light absorption of ZnO materials is achievable by introducing oxygen vacancies. The 

oxygen vacancy method is a self-doping tool that allows no introduction of any impurity elements, 

which is more favourable on conserving the inherent crystal structures of ZnO and in turn leads to 

improved photocatalytic performances under visible light irradiation. However, there are 

challenges in the synthesis of oxygen vacancy in rich ZnO samples. Wang et al. [52] explain that 

“The oxygen vacancies in ZnO are unstable after high temperature annealing treatment, which 

would gradually transform from yellow to white again when it is cooled down to room 

temperature” (pg. 4024). The group of researchers continue to add that the concentrations of 

oxygen vacancies tend to be low and this leads to inadequacy when attempting to expand the 

visible light absorption [52]. Experimental results have successfully indicated that the presence of 

oxygen vacancies in ZnO can effectively expand the visible light absorption range of ZnO as well 

as effectively enhance their visible light photocatalytic efficiencies [52]. It has also been 
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established that higher oxygen vacancy concentrations would lead to stronger visible light 

absorption [53]. Figure 8 displays the UV−Visible diffuse reflectance 

spectra and the energy band gap of the prepared ZnO and ZnO2 samples. A 

Structure model of oxygen vacancy in a ZnO cell model is shown in Figure 9 below.  

 

 

Figure 8: UV−Visible diffuse reflectance spectra (a) and the energy 

band gap (b) of the as-prepared ZnO and ZnO2 samples (52: pg. 4027)   
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Figure 9: Structure model of oxygen vacancy in a 3*3*2 super cell; the balls in grey and red 

represent Zn and O atoms, respectively (52: pg. 4029) 

 

2.5 Characterization of the structural properties of Ag-NP/ZnO thin films 

XRD is based on the diffraction of an X-ray incident beam by reticular planes of crystalline phases 

in a thin film sample [30]. Likius [30] adds that “The beam is diffracted at specific angular 

positions with respect to the incident beam depending on the phases of the sample” (pg.101). 

Research conducted by Khan et al. [46] reveal that the (100), (101) and (002) diffraction peaks of 

ZnO can be observed in the XRD pattern, showing the growth of ZnO crystallites along different 

directions as shown in the Figure 10 below.  

 

Figure 10: XRD pattern of ZnO thin films (46: pg.341)  

 

A typical XRD spectrum consists of a plot of reflected intensities versus the detector angle 2θ, an 

example of an XRD pattern of ZnO thin films is shown above in Figure 10. The analysis data 
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obtained is typically compared to reference patterns that are available to determine what phases 

are present in the material under study. Figure 11 shows patterns of undoped and Ag doped ZnO 

thin films prepared by spray pyrolysis. A phase is a specific chemistry and atomic arrangement. 

However, phases with the same chemical composition can have drastically different diffraction 

patterns [54]. There are, however, instances where the XRD patterns are defective due to various 

reasons such as peak widening due to internal stress and defects [55].  

 

 

Figure 11: XRD patterns of undoped and Ag doped ZnO thin films prepared by spray pyrolysis 

onto glass (47: pg. 111) 
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2.6 Optical properties of composite thin films  

The optical properties of noble-metal nanoparticles differ greatly from those of individual atoms 

[56]. Karamaliyev et al. [56] describe how these properties are related to collective vibrations of 

conductance electrons (plasma resonance) near the particle surface through the action of 

electromagnetic radiation. Bandgap is defined as the difference in energy between the valence 

band and the conduction band of a solid material (such as an insulator or semiconductor) that 

consists of the range of energy values forbidden to electrons in the material. An illustration of a 

bandgap is displayed in Figure 12 below. Various studies have evidenced that ZnO exhibits a wide 

band gap and for this reason it solely is unable to absorb light in the visible spectrum. Thus, various 

attempts of lowering the band gap of ZnO in recent years have been employed in order to improve 

its solar light harvesting capability [57].  There exist two types of bandgap semiconductors, viz. 

Direct band-gap (DBG) semiconductors and Indirect band-gap (IBG) semiconductors. According 

to Kittel and Ashcroft as cited by Seo et al. [58] “A band gap is said to be “direct'' when the energy 

minimum (the bottom) of the conduction band lies directly above the energy maximum (the top) 

of the valence band in reciprocal k-space” (pg.23). A schematic representation of direct and 

indirect bandgap is shown in Figure 13. The maximum energy of the valence band is at a different 

value of momentum to the minimum in the conduction band energy in an indirect band gap 

semiconductor [59].  
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Figure 12: Band Gap illustration  

 

 

(a)                                                                             (b) 

Figure 13: Schematic representation of (a) direct and (b) indirect bandgap (56:pg 24) 
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The optical properties of ZnO are typically measured using spectrophotometric tools such as 

transmission spectra. An optical study conducted by Purica et al. [60] found that films showed 

high transmission in the near-infrared and visible region with a steep fall-off in transmission at 

approximately >400 nm. They further conducted bandgap studies on ZnO in which they obtained 

an energy gap (Eg) of 3.47 eV for deposited films compared to a value of 3.2 eV for ZnO bulk 

semiconductor [60]. The bandgap of ZnO was found by the extrapolation of a plot of (αhv)2 vs. 

(hv) to zero absorption coefficient in the range where band–band absorption of the radiation 

begins. Figure 14 below shows the optical and bandgap studies done on ZnO thin films.  

 

Figure 14: Optical and bandgap studies done on ZnO thin films (60: pg. 488) 

 

The optical structure of ZnO when combined with composites such as Ag has also been extensively 

studied. The Ag-nanoparticles were prepared by the spontaneous reduction method with Ag 2-

ethylhexanoate and the XRD patterns [61] of ZnO doped with Ag-nanoparticles annealed at 700 
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°C is shown below. Hong et al. [61] explain that “In this investigation, the introduction of Ag 

nanoparticles did not affect the crystallization of ZnO films. This may be due to the presence of 

trisodium citrate, a capping agent for the size control of Ag-nanoparticles” (pg.958). Research 

suggests that the use of a capping agent such as trisodium citrate minimizes the effect of Ag-

nanoparticles on the nucleation of ZnO [61]. 

 

   

Figure 15: XRD patterns of ZnO doped with Ag-nanoparticles (61: Pg. 958) 

 

2.7 Photocatalytic study of modified ZnO thin films  

Heterogeneous photocatalysis is an economical alternative and environmentally safe technology 

of advanced oxidation processes for the removal of organic impurities from water. During that 

process, the semiconductor illuminated by light of the proper wavelength absorbs light and 
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generates active species, which oxidize the organic compounds dissolved in water. One of the 

promising materials for this application is ZnO because of its high chemical stability, nontoxicity 

and high electron transfer capability. Several researchers reported that modification of the ZnO 

surface with metals like Sn, Cd, Mn and Cu is promising as a tool to enhance its photocatalytic 

activity [62]. In particular, silver as a noble metal deposited on ZnO substrate (Ag/ZnO) has 

attracted considerable attention for its remarkable role in the improvement of the photocatalytic 

activity of semiconductors. Silver can also be reused and handled more easily and economically if 

impregnated on substrates [30]. Therefore, an attempt has to be taken to shift the threshold of the 

photo-response of ZnO into the visible region through doping with Ag-nanoparticles.  

 

A photocatalytic study was done on methyl violet, where it is fed as a groundwater pollutant and 

its destruction helps to remove pollutants [63]. Various factors affect how effectively ZnO 

nanoparticles will remove insoluble chemicals, and those include oxygen vacancy, surface 

properties such as surface area, and hydroxyl ions [64]. According to studies, the photocatalytic 

activity of ZnO nanoparticles under UV light show enhanced activity and doping with silver 

improved the photocatalytic activity with an optimum 2%, which may be related to the oxygen 

vacancy defect concentration [63]. Hosseini et al. [63] further speculate that “Increasing Zn 

vacancies accompanied by oxygen vacancies could be responsible for the degradation process” 

(pg. 8). The decolourisation of the dye can be attributed to the reaction between conduction-band 

electrons and oxygen in the solution to generate the reactive oxygen species [65]. Amornpitoksuk 

et al. [65] clarify that “the electron hole pairs (ecb
−/hvb

+) in ZnO are generated when it absorbs the 

photon with an energy equal to or higher than the energy band gap of the ZnO” (pg. 162). 

Superoxide anion radicals (•O2
−) are produced when the photogenerated electrons react with 
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oxygen species while the photogenerated holes react with water molecules to generate hydroxyl 

radials (•OH) [65]. The produced reactive radicals work together coherently to 

decompose/decolorize organic compounds. Figure 16 below shows the photocatalytic degradation 

of methylene blue as a function of irradiation times on Ag-doped ZnO powders with different Ag 

contents as well as the effect of the Ag concentration on the photo degradation reaction after 1 h 

of irradiation.  

 

Figure 16: (a) Photocatalytic degradation of methylene blue as a function of irradiation times on 

Ag-doped ZnO powders with different Ag contents (b) The effect of the Ag concentration on the 

photo degradation reaction after 1 h of irradiation (65: pg. 162).  
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A summary of the primary reactions that occur when a semiconductor is excited upon received 

minimum photon energy in the presence of O2 and H2O is summarized in Figure 17. 

 

Figure 17: Reactions that take place in a semiconductor (30: pg. 9) 
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Chapter 3: Research Methods 

3.1 Research design 

Using MPM, a coating precursor solution of ZnO and Ag was prepared. The precursor solution 

was coated on a glass substrate using a spin coater. Homogeneous distribution and growth of Ag-

NP in the composite thin films were determined using X-ray diffraction (XRD). The absorption 

spectra of the thin films were studied using UV/Vis spectrometer. The electrical conductivity of 

the thin films was investigated using the 4-probe method. The photocatalytic activity of pure ZnO 

and composite thin films were estimated by measuring the decomposition rate of Methyl orange 

(MO) in an aqueous solution containing the thin films as photocatalysts. Figure 18 shows the 

research design that was undertaken. 

Figure 18: Research Design 

 

3.2. Procedure 

3.2.1 Preparation of ZnO precursor solution 

A precursor solution of zinc oxide was prepared by reacting zinc acetate dihydrate with 

dibutylamine and ethylenediaminetetraacetic acid (EDTA) in a mixture of ethanol and methanol, 

whereby ethanol and methanol acted as the solvent. Finally, hydrogen peroxide was added and a 

clear solution resulted. In element, 3.6238 g EDTA was dissolved in 4.62 mL dibutylamine and a 
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mixture of 12.63 mL methanol and 12.67 mL ethanol were added to the dissolved EDTA.  The 

contents were then transferred into a round bottomed flask and heated under reflux for 30 min to 

completely dissolve the solids. Thereafter, the resulting solution was allowed to cool to room 

temperature and 2.7218 g Zinc acetate dihydrate was carefully added to the flask, then further 

heated under reflux for 2 hours and 30 minutes. Finally, the solution was allowed to cool and 

0.4660 g hydrogen peroxide solution was added, then a final heated reflux of 30 min was allowed 

before obtaining the clear solution which was then used as a zinc oxide precursor solution. The 

flow diagram below in Figure 19 shows the preparation of ZnO precursor solution.  
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3.6238 g, 12.4 mmol EDTA 

4.62 mL dibutylamine 

12.63 mL Methanol + 12.67 mL Ethanol  

Heat under reflux, 30 min 

Cool to room temperature (r.t) 
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2.7218 g, 12.4 mmol Zn(CH3COO)2·2H2O 

Heat under reflux, 2H30 

0.4660 g, 13.7 mmol H2O2 

Heat under reflux 30 min, cool to r.t 

                                          Heat under reflux 30 min, cool to r.t 

 

12.4 mmol Zinc precursor 

Figure 19: Flow chart showing the steps employed in preparing the 12.4 mmol zinc precursor 

solution 

 

 

 

3.2.2 Preparation of Ag precursor solution 

The silver precursor solution was simply prepared by dissolving 0.2337 g silver acetate in 0.72 

mL dibutylamine and 1.28 mL ethanol by stirring on a magnetic stirrer for 5 minutes. The solution 

prepared was used immediately to make the composite precursor solutions of ZnO and spin coat. 

Figure 20 below shows in detail the preparation of the silver precursor solution.  
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0.2337 g, 1.4 mmol Silver Acetate 

0.72 mL,4.3 mmol Dibutylamine 

1.28 mL EtOH 

Stir for 10 minutes on magnetic stirrer 

1.4 mmol Silver precursor solution 

 

Figure 20: Flow chart showing the steps employed in preparing the 1.4 mmol Silver precursor 

solution 

 

3.2.3 Fabrication of ZnO and Ag-NP/ZnO composite thin films using the Molecular 

Precursor Method 

The Ag-NP/ZnO thin films were prepared by the MPM spin coating technique using a precursor 

of zinc, namely, zinc (II) acetate dihydrate (Zn (CH3COO)2·2H2O) and a Ag precursor. Precursor 

films were deposited on the quartz glass substrate at ambient temperature using the spin-coating 
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method, in a double-step mode: the first step was carried out at 500 rpm for 5 s and the second, at 

2000 rpm for 30 s, for all preparations. Two thin films of Ag nanoparticles and zinc oxide were 

formed by heat treating the spin-coated precursor films and applying the precursor solutions of 

silver and zinc, respectively. The Ag-NP/ZnO composite films were fabricated by heat treating the 

spin-coated precursor films, while applying the solution Ag/ZnO composite, at first pre-heated at 

200 ºC, then finally heat treated at 600ºC in air to eliminate organic ligands from metal complexes 

involved in spin-coated precursor films using the spin-coating method [7]. The number n in the 

notation of the composite films indicates the silver molar percentage (Ag mol%) to ZnO; for 

example, the name Ag 40 indicates that the silver molar percentage in the Ag/ZnO composite 

solution was 40 mol%. The fabricated thin films were clearly labelled to prevent mix up as they 

all fairly looked the same in color. Scheme 1 below details the procedure for fabricating thin films 

by MPM. 
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ZnO precursor solution Ag precursor solution 

Spin coating precursor solution onto quartz glass 

Coated precursor thin film 

Heat treatment at 600 °C 

Fabricated thin film 
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Scheme 1: Procedure for fabricating thin films by MPM 

3.2.4 X-ray diffraction (XRD) 

The characterization of the atomic structure of a thin film at large scale, XRD technique appears 

as the most powerful method. Thus, in this thesis, the X-ray diffraction (XRD) patterns of Ag 

particles, ZnO, and Ag-NP/ZnO composite thin films were measured using an X-ray 

diffractometer (MXP-18 AHF22, Bruker AXS) with Cu–Kα rays generated at 45 kV and 300 mA. 

Parallel beam optic was employed with an incident angle of 0.3º.  

 

3.2.5 Determination of the optical properties of the fabricated thin films 

The absorbance spectra of pure ZnO, pure Ag as well as for those of the Ag-NP/ZnO composite 

thin film samples were performed with a The Perkin Elmer Lambda 35 UV/Vis spectrometer 

provided with a diffuse reflectance accessory. 

3.2.6 Calculation of band gap using absorption spectra of Ag-NP/ZnO thin films fabricated 

on quartz glass substrates 

The optical band gap, Eg, of the ZnO and Ag-NPs/ZnO composite thin films was calculated using 

the following Tauc expression: 

 𝛼 =
𝐴(𝐸𝑝ℎ𝑜𝑡)−𝐴(𝐸𝑔𝑛)

𝐸(𝑝ℎ𝑜𝑡)
………………….3.1.1 

where Ephot (hv) is photon energy equal to 1239/λ (eV), A is a constant, and α is the absorption 

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

mode of transition.  

 



37 
 

3.2.7 Investigation of the photocatalytic reduction of Methyl orange by Ag-NP/ZnO 

composite thin films  

The photocatalytic activity of pure ZnO and composite thin films were estimated by measuring the 

decomposition rate of MO in an aqueous solution containing the fabricated thin films as 

photocatalysts under visible light and under dark. The doped and undoped ZnO thin films were 

used as the photocatalysts. The concentration of the MO was calculated using a simplified equation 

derived from the Beer Lambert Law: 

A = εcl ........................................ 3.2.1 

where A is the absorbance, l is the path length in cm, є is the molar extinction coefficient having 

unit L mol-1cm-1, and c is the concentration in mol L-1. The absorbances used were derived at the 

same wavelength of 465 nm and thus this simplified formula was used to determine the final 

concentration of the MO after decomposition by the photocatalysts quantitatively: 

𝐶1

𝐶2
=  

𝐴1

𝐴2
 ........................................ 3.2.2 

The decoloration rate of MO by each thin film was determined by calculating the index of 

photocatalytic activity (IPCA). The initial decoloration rate (k) values of concentration after t 

minutes of 0.02 mM MO aqueous solution by photoreaction with each potential photocatalytic thin 

film and a blank were measured by an approximate line for the function of C(t) versus t 

obtained in the range from 0 ≤ t ≤ 180 min by a least-squares method 

[7]. 

IPCA = 103 x 
𝑘𝑛

3
  .............................. 3.2.3 

Photocatalytic activity of pure ZnO and composite thin films was estimated by measuring the 

decomposition rate of methyl orange (0.02 mM) in an aqueous solution (20 mL) containing 20 × 
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20 mm2 thin film photocatalyst. Various Ag-NP/ZnO composite thin films with different Ag molar 

concentration or pure ZnO thin film were used as the photocatalysts. The photocatalysts were 

immersed in the 0.02 mM MO aqueous solutions for 8 hours in the dark to allow equilibrate 

adsorption on the film surfaces. The photocatalysts were then also immersed in the same solution 

for 8 hours under visible light (sunlight) to study the effects of photo degradation of the MO 

solution under visible light. The MO concentration was determined by measuring the absorption 

spectra of the aqueous solution with the PerkinElmer Lambda 35 UV/Vis spectrophotometer. For 

the decomposition test, 3 mL of the 0.02 mM MO aqueous solution was transferred into a quartz 

cell of dimensions 1 W × 1 L × 4.5 H cm3 at 20 min intervals. After spectral measurement, the 

solution was immediately returned to the vessel and mixed with the aliquot. The mixed solution 

continued to be used until the test for each film was completed. The mixed solution was further 

used until the test for each film was done again after 8 hours. The absorption peak value at 465 nm 

were used in order to determine the concentration of MO after t minutes, C(t), using equation 4: 

𝐶(𝑡) = 10𝑥 
𝑎𝑏𝑠 (𝑡)

𝑎𝑏𝑠 (0)
…………………………3.2.4 

where Abs(0) and Abs(t) represent the absorption values of the solution just before the light 

irradiation and after t minutes during irradiation, respectively. The pseudo-first-order kinetic 

constant (k) values of concentration after t minutes of 0.02 µM MO aqueous solution by 

photoreaction with each specific photocatalyst and a blank were measured by an approximate line 

for the function of C(t) versus t obtained in the range from 0 < t < 480 min by least-squares method. 

The amounts of methyl orange that remained was examined three times for each film, and the 

index of photocatalytic activity (IPCA) of the film was estimated from the averaged value of the 

pseudo-first order kinetic constant, using equation 3 [30]. 
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4. Research Ethics 

All waste generated in the laboratory were disposed of in clearly labelled waste containers. In 

addition, organic and inorganic wastes were separated accordingly. The containers were then 

collected and disposed of by a specialist contractor in order to meet safety, health and legislative 

requirements. The guidelines for waste disposal of the UNAM Standard Operation Procedure 

document number SOP-29-1 and UNAM Occupational Safety and Health guidelines were also 

considered. Ethical clearance was obtained from the UNAM Research Ethics Committee and 

research permission was obtained from the Centre for Post-Graduate Studies before 

commencement of the study. 
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Chapter 4: Results and Discussion  

4.1 Preparation of the precursor solutions 

The precursor solution for fabricating silver films were obtained by dissolving an appropriate 

amount of silver acetate in ethanol in the presence of dibutylamine. Figure 22 below shows the 

zinc precursor prepared. The zinc precursor solution prepared was a clear, stable solution, MPM 

precursor solutions are stable and can be still used after a year compared to sol-gel solution which 

must be used immediately as it turns into a gel. Similarly, the silver precursor solution was a clear 

to light grey colour; it was also found to be unstable due to the photochemical activity of silver.  

 

Figure 22: Zinc Precursor Solution 

 

4.2 X-Ray structures of the fabricated thin films 

4.2.1 X-ray structures of pure ZnO and Silver fabricated thin films 

Figure 23 shows XRD patterns of the films fabricated at 600ºC applying the zinc complex and 

silver acetate solutions, respectively, from which it was elucidated that the resultant pure silver 
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and pure zinc oxide films contain silver crystallized in the cubic system [JCPDS card 4-783, 1978] 

and zinc crystallized in the c-axis (002) orientation system [JCPDS card 21-1272, 1978; JCPDS 

card 21-1276, 1978], respectively. 

 

Figure 23: XRD of (a) ZnO and (b) Silver thin films heat treated at 600 °C and fabricated by 

MPM. The peaks of each phase are denoted as follows: filled circle ZnO, and filled inverted 

triangle metallic silver 

 

The ZnO thin film shows no peaks in the XRD spectrum except a peak found at 2θ = 37.5°, 

corresponding to the [002] plane [JCPDS S6-314], which shows that the fabricated ZnO thin film 

is highly c-axis oriented as the kinetically favored, which is of interest for piezoelectric application 

such as the photocatalytic and photovoltaic studies. According to literature, [002] diffraction peak 

has been observed widely for the ZnO materials that preferred such an orientation and its 

appearance suggests that the surface free energy of this plane is the lowest in the MPM employed 

to fabricate this film. Weak peak in the spectrum of ZnO might be due to the small grains of ZnO 

[30].  The peaks at 38.18, 44.39, and 64.58° are assigned as the (111), (200), and (220) reflection 
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lines of fcc Ag particles (JCPDS file, No. 04-0783), respectively [JCPDS card 4-783]. Sharp 

diffraction peaks indicated the formation of pure silver of high crystalline [30]. Moreover, no 

inessential peaks appeared under the heat treatment, as only peaks for Ag metallic were detected 

and there was no indication of the presence of silver oxide, which is mainly observed at 36.5° 

[JCPDS card 40-909]. Thermodynamics studies have suggested that silver is more stable than 

Ag2O/AgO at temperatures above 189.8 °C in air [30]. Therefore, any of Ag2O/AgO that is present 

decomposed to metallic silver during heat treatment at 600°C. 

 

4.2.2 X-ray structures of the fabricated Ag-NP/ZnO composite thin films 

Figure 24 shows XRD patterns of Ag-NP/ZnO composite thin films, with various molar 

concentration of silver particles in ZnO matrix, deposited on quartz glass substrates and heat 

treated at 600°C for 30 min.  
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Figure 24: The XRD patterns of the Ag-NP/ZnO composite thin films various Ag molar 

concentration in a ZnO matrix. The peaks are denoted as follows: filled inverted triangle silver and 

filled circle ZnO 

 

Except for the extremely small peaks of silver (the peak at 2θ = 64.58°) that appeared in the 

composites of Zn 80 (Ag 20%) the XRD spectra indicate that no other Ag peaks were present in 

the composite thin films. This indicates that no reaction took place between ZnO and silver during 

heat treatment. The silver peak appeared in the XRD patterns of the Ag-NP/ZnO composite thin 

films at the highest Ag content 80 mol% may have formed during the cooling stage [33]. As 

reported in the pure ZnO spectra in Figure 24 above, a single peak at 2θ = 37.5° can also be 

observed in the composite. This illustrate again that the [002] diffraction peak is due to the 

kinetically favoured orientation in the crystallization of ZnO [30].  It is well known that the 

crystalline phase adopted by ZnO is mainly dependent on method of fabrication, hence, under the 

current conditions, Ag/ZnO composite thin film are obtained at 600°C are c-axis oriented.  

 

4.3 Optical study of fabricated thin films 

4.3.1 Absorption spectra of ZnO and Ag NP thin films 

The UV-Vis absorption spectra of the pure ZnO and the composite AgNPs/ZnO was studied in the 

visible wavelength region of 300 – 700 nm. Figure 2 (a) and (b) represent the UV-Vis absorption 

spectra for pure ZnO and Ag thin films.  The ZnO thin film showed a low-intensity absorption 

band in the visible region; however, its absorption intensity increased steeply at shorter 

wavelengths (UV-region).  
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Figure 25: Absorption spectra of the fabricated thin films: (a) pure ZnO thin film and (b) pure Ag 

thin film, respectively. 

 

In contrast, the Ag NP film showed a weak and broad absorption band at around 410 nm. A large 

oscillating electric field is observed around the metal particles when a Ag NP film is irradiated 

with visible light [35]. The absorption band in this region corresponds to the characteristic surface 

plasmon resonance (SPR) of AgNPs. Theoretically, according to Likius [30], large oscillating 

electric fields are formed around and among the metal nanoparticles because of localized surface 

plasmon resonance (LSPR) when samples are irradiated by visible light.  

 

4.3.2 Absorption spectra of AgNP/ZnO composite thin films 

The UV-Vis absorption spectra for the Ag-NP/ZnO composite thin films (20, 40, 60 and 80 %) are 

shown in Figure 26. The intensity of absorption maximum in the visible region increased with an 

increase in the Ag content in the ZnO matrix, hence an increase in the SPR peak. This increase in 

the SPR absorption intensity can be attributed to the decrease in the amount of ZnO, hence the thin 
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films become more metallic. Therefore, the absorption maximum observed in the visible region 

can be due to the characteristic LSPR for the Ag NPs incorporated in the ZnO matrix. 

 

Figure 26: UV–Vis absorption spectra for Ag-Np/ZnO composite thin films fabricated on quartz 

glass 

 

The absorbance spectra maximum of the synthesized Ag-NP/ZnO composite thin films are 

increasing with the molar concentration of silver in zinc oxide, indicating that the silver 

nanoparticles are capable of sensitizing ZnO. Therefore, the Ag-NP/ZnO composite thin films can 

be activated by visible light to generate electrons and holes, which is favorable to the improvement 

of the visible light photocatalytic activity of ZnO. This means that the AgNPs also affect the band 

gap of the semiconductor, ZnO, through doping. In order to validate this, the band gap of the 

composite thin films was studied. 
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4.4 Band gap determination 

The band gap of ZnO and Ag-NPs/ZnO thin films was determined by plotting (absorbance)2 vs 

photon energy and extrapolating the linear portion of the curve to the photon energy axis, as shown 

in Figure 27. The band gap energy (in eV) is obtained by extrapolating the straight-line portion of 

the plot to the zero absorption coefficients. Extrapolating the optical band gap of the pure ZnO thin 

film, an Eg value of 3.3 eV was obtained, which is in fact equal to the band gap of pure ZnO 

(assuming direct transition). However, the band gap for the AgNP/ZnO composite thin films 

fabricated using MPM were quite a bit lower; the band gap for Ag 20, 40, 60, and 80 % are 

summarized in Table 1 and are shown in Figure 27 (b). Thus, the incorporation of AgNPs into the 

ZnO matrix did affect the band gap of ZnO.  

 

Figure 27: Plots of [absorbance]2 versus photon energy of: (a) ZnO thin films and AgNP/ZnO 

composite thin films 

Table 1. Band gap values of fabricated thin films 

Thin film Pure ZnO Ag20% Ag40% Ag60% Ag80% 

Band gap (eV) 3.3 2.8 2.6 2.4 2.3 
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Since the extrapolating optical band gap of the composite films which is not equal to that of pure 

ZnO validate that the ZnO band gap changed with incorporating silver into ZnO thin film.  These 

films could still easily absorb photons to produce photoexcited electrons under both UV and visible 

light because they had a band gap less than that of pure ZnO. Owing to this band gap, they could 

respond to UV light and show characteristic absorptions due to SPR caused by visible light. 

Therefore, all these thin films have the potential to act as photocatalysts.  

 

There is a clear decreasing trend in bandgap energy with an increase in AgNPs content in the thin 

film. Furthermore, this significant increase in band gap due to the addition of AgNPs ties to the 

photo response activity of ZnO in the visible region of the electromagnetic spectrum. This also 

supports literature in the sense that ZnO alone does not respond to visible light alone, however 

only when doped with a noble metal such as silver. ZnO due to its metallic properties and wide 

band gap only responds in the UV region of the spectrum. Therefore, the decrease in band gap 

energy by doping with AgNPs proves theory right.  

 

4.5 Photocatalytic Activity of Thin Films  

4.5.1 Decomposition of MO dye under visible light (sunlight) 

Figure 28 below demonstrates the decomposition of MO dye under visible light by the fabricated 

thin films.  There was no visible change observed in the intense orange colour of the MO dye.  
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Figure 28: Decomposition of MO under visible light 

 

 

Figure 29: Absorption spectra of decomposition of 0.02 mM of MO aqueous solution in the 

presence of different Ag-NP/ZnO thin films after kept under visible light (sunlight) for 8 hrs 

 

Figure 29 represents the UV-vis absorption spectra of ZnO and AgNPs under visible light 

irradiation. The effect of decomposition of the MO dye by the thin films by comparing the initial 

concentration of the MO (Blank) with the final concentration after decomposing for 8 hours under 

visible light was studied. Studying the absorption spectra carefully reveal that all AgNPs/ZnO 
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composite thin films decrease the concentration of the MO dye to a certain extent. However, it is 

evident that the 40% Ag composite film significantly decreases the concentration from 0.02 mM 

to 0.00499 mM. Table 2 below shows the decrease in concentration of the MO dye by 

decomposition of the composite films. The absorption spectra of the 20%, 40% and 80% 

AgNP/ZnO composite thin films show a significant decrease in the concentration of MO dye 

compared to that of 60% AgNPs. It is also observed that the 100% ZnO thin film, without 

compositing with AgNPs, decreases the concentration of MO to a certain extent and this decrease 

can be due to self-absorption of the MO solution. Furthermore, the decrease in concentration of 

MO can be attributed to compositing ZnO (a wide band gap conductor) with Ag metal that exhibits 

plasmonic properties. 

Table 2. Decomposition of MO under sunlight by composite films 

Thin Film 

[MO] final, 

mM 

[MO] initial, 

mM 

20% Ag 0.00527 0.02 

40% Ag 0.00499 0.02 

60% Ag 0.01361 0.02 

80% Ag 0.00541 0.02 

100% ZnO 0.00539 0.02 
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Figure 30: Decrease in concentration of MO via decomposition by thin films under visible light 

 

Figure 30 above better reveals the extent to which the concentration of the MO dye was decreased 

is significant and this also proves that silver is a good noble metal for doping with ZnO to improve 

the photo response activity of ZnO. The 40% AgNPs thin film showed to have the most decrease 

in the concentration of the MO dye and this may have been due to the decrease in the concentration 

of wurtzite in ZnO as well as the decrease in ZnO in the composites by increasing the Ag content 

[30]. The 60% AgNPs thin film proved to have the least impact on decreasing the concentration 

of the MO dye and this could be caused by an experimental artefact such as introduction of errors 

by contamination of the vial that contained the solution or instrumental errors at the time of 

analysis.  Literature suggests that the visible-light-responses are due to the electron donor levels 

in the band gaps formed by doped transition metal ions, in this case silver. 
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4.5.2 Decomposition of MO dye under dark conditions 

 

The Ag-NPs/ZnO thin films were similarly immersed in 0.02 mM MO for 8 hours under dark 

conditions, safeguarding that there was no passage of light through to the petri dish. The same 

procedure as under visible light was followed; where after 8 hours the thin films were removed 

from solution and the solution was analysed by UV-Vis spectrophotometer to determine the 

absorption spectra of each solution that contained the different composite films. Figure 31 below 

shows the decomposition of MO dye under dark conditions.   

 

Figure 31: Absorption spectra of decomposition of 0.02 mM of MO aqueous solution in the 

presence of different Ag-NP/ZnO thin films after kept under dark conditions for 8 hrs 
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The data obtained reveal that there was an insignificant decrease in concentration of the MO 

concentration when compared to the effect of visible light. This is attributed to the fact that the 

decomposition of the dye is only effective under visible light where photo reactions take place.  

 

Figure 32: Decrease in concentration of MO via decomposition by thin films under dark 

conditions 

 

There was no significant decrease in the concentration of the MO dye as can be seen in Figure 32 

above. 

Qualitative data was obtained by determining the Index of Photocatalytic Activity (IPCA, nM 

min−1) of the decoloration rate of 0.02 mM MO solution to directly compare the performance of 

pure ZnO and composite thin films under light irradiation to the dark condition. The experiment 

was only conducted once and the results produced were within narrow limits. The IPCA values 
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extracted from a decoloration rate of 0.02 mM MO solution by photoreaction with each composite 

thin film and a blank are displayed in the Table 3 below. 

 

Table 3. The index of photocatalytic activity (IPCA) of decoloration rate of 0.02 mM MO 

 IPCA/nM min−1 

Thin film  Visible Light  Dark 

20% Ag 3.14 1.26 

40% Ag 3.16 1.26 

60% Ag 3.07 1.26 

80% Ag 2.91 1.27 

100% ZnO 7.94 1.25 
 

Under visible light irradiation, none of the composite samples exhibit more photoactivity than the 

80% Ag composite thin film, followed by the 60% Ag. Under dark, the IPCA for all thin films is 

more or less similar and not very effective as can be seen by the large values, additionally, the 

IPCA under dark condition can be representing both adsorption and self-decoloration of the dye 

MO [30]. The IPCA of the 100% ZnO is high under visible light and this is because ZnO as a 

semi-conductor does not exhibit plasmonic photocatalyst properties associated with Ag 

nanoparticles [30]. The different results reveal that the photoactive enhancement mechanisms 

under visible light irradiation and dark are different and that under visible light the photocatalytic 

activity is greatly enhanced.  

 

5. Proposed mechanism for photocatalytic properties of plasmonic AgNP/ZnO composite 

thin films  

The absence of wavelength shift near the absorption edges of the pure ZnO thin film in the spectra 

for the present Ag NP/ZnO composite thin films (shown in Figure 27 (a) and (b)), demonstrates 
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that there was a change in the band gap of ZnO by the addition of AgNPs. Furthermore, the UV-

Vis absorption spectra showed that the well-defined SPR peaks and wide-range LSPR bands due 

to AgNPs are capable of efficiently sensitizing the AgNP/ZnO composite thin films. A plasmonic 

photoelectrochemical mechanism for the visible light absorbance by Ag NP/ZnO composite thin 

films prepared by MPM is proposed. This mechanism is illustrated by three steps in Scheme 1 

below. Daniel [30] explains that “(1) Due to LSPR, electrons from the Ag NPs are promoted to 

higher states in the band; (2) These electrons are then injected into the conduction band of TiO2, 

provided they have sufficient energy; and, (3) The photoexcited electrons then travel faster through 

the electrolyte to counter electrode, producing a cathodic photocurrent” pg. 223. Using this same 

concept, a mechanism for the AgNP/ZnO composite thin films was developed. An anodic 

photocurrent can only be generated if the potential initiating at the counter electrode is high enough 

to drive electrons flowing from the conduction band of ZnO to the conductive substrate instead of 

electrons moving into the electrolyte; this also depends on the redox potential difference between 

the composite thin films and counter electrode [53, 66-67]. 

 

 

e- e- e- 

e- e- e- 

CB 

VB 

 

Wurtzite 

Electrolyte solution 

Photo-excited electrons by LSPR around Ag-NP 
in the conductive composite thin films 
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Ag Nanoparticles 

Scheme 2: Proposed mechanism model for cathodic photocurrent generated by Ag-Nanoparticles 

 

 

Figure 33: The excitation of electrons in a semi-conductor [30] 

 

Depending on the redox potential difference between the composite thin films and MO, the 

following [30] primary processes happen when the zinc as a semiconductor is excited in the 

presence of H2O and O2: 

ZnO ℎ𝑣→ e-
cb + h+

vb  

h+
vb + H2O (ads) → HO· + H+  

h+
vb + OH-

(ads) → HO·  



56 
 

e-
cb + O2(ads) → O2

·-  

2O2
·- + H2O → 2HO· + 2OH- + O2  

-OH + Organic products → Products  

Methyl orange is a radical scavenger, therefore both O2
.- and .OH are actively involved in the 

photo degradation process. 
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Chapter 5: Conclusions and Recommendations 

5.1 Conclusion 

Composite thin films of various molar concentrations of silver nanoparticles incorporated into the 

ZnO matrix were fabricated on quartz glass substrates using the molecular precursor method 

(MPM). The prepared films were characterized by employing the XRD technique. The XRD 

patterns showed that the resultant pure silver and pure zinc oxide films contain silver crystallized 

in the cubic system. The optical band gap was determined and the findings showed that the band 

gap of ZnO was found by plotting and extrapolating the absorbance vs the photon energy curves. 

It was also found that the incorporation of silver nanoparticles in the ZnO matrix decreased the 

optical band gap of ZnO confirming the photocatalytic properties activation of the metal by the 

noble metal silver. The optical properties of the fabricated composite thin films were studied using 

UV-Vis spectrometry and it was found that pure ZnO films do not exhibit photo-responsive ability 

in the visible region. The absorption intensity of ZnO, however, increased considerably at shorter 

wavelengths, proving that pure ZnO only absorbs in the ultraviolet region. This study also revealed 

that Ag as noble metal proved to greatly improve the photo response of ZnO in the visible region. 

The visible light-induced responsiveness of the composite films in this study is specifically 

attributed to the localized surface plasmon resonance of silver nanoparticles observed at around 

410 nm in the wavelength spectrum. 

 

The Ag-NP/ZnO composite thin films were used to study the photocatalytic activity incorporation 

of Methyl orange dye. The findings were that the composite films greatly improved the photo 

response of ZnO in the visible region of the UV spectrum. The findings from this study have 
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proven that silver nanoparticles were influential in enhancing both the UV-Vis response and the 

photocatalytic activity of composite films under visible light. Therefore, this study consolidates 

that silver can be deemed as one of the most suitable noble metal dopants for the enhancement of 

ZnO to be active in the visible region of the wavelength spectrum.  

 

5.2 Recommendations 

For the advancement of this work, the film thickness of the thin films can be studied as well as the 

surface morphology in order to determine the size of the incorporated silver particles.The size of 

the silver nanoparticles could explain the color of the different films as well as the optical 

properties.  Future researchers can further fill the gap of study by including the electrical properties 

of the synthesized films as well as studying the photocatalytic properties under UV light 

irradiation.  
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