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     ABSTRACT 
 

 
Various filling fractions of silver silica nanocomposites (Ag-SiO2 NC) were  successfully 

synthesized via sol-gel technique and deposited onto indium tin oxide via electrophoretic 

deposition (EPD). The size of  Silver Nanoparticles (AgNPs) synthesized by reduction 

method was determined to be within 20-30 nm,  homogeneous and spherical in shape 

observed from Transmission electron microscopy (TEM) images. TEM images also 

confirmed that the particle distance between AgNPs in the Ag-SiO NC varies according 

to the filling fractions. The increase in crystalline phase was observed by the increase of 

peaks intensity of  X-ray diffraction (XRD) spectra as the increase of AgNPs  amount in 

the nanocomposites. UV–vis spectroscopy shows that the intensity of the Ag–SiO2 NCs 

peak is greatly reduced with a clear and sharp absorption peak. The Fourier-transform 

Infrared (FTIR) spectra shows similar peaks for all the various filling fractions of  Ag-

SiO2 NC. However the peaks shown slightly shifted indicating the existence of the AgNP 

within the silica nanostructures. Spectroscopy Ellipsometry shows that the effective 

permittivity and refractive index obtained from the optimum filling fraction are -0.88  and 

0.90, respectively. The use of 4-Aminobenzenethiol (4-ABT) as the probe molecule on 

the substrate greatly enhances the Surface-enhanced Raman Spectroscopy (SERS) signal 

of the nanocomposites. The results from different pH values confirm that the substrate is 

stable and gives the strongest SERS enhancements in alkaline environment. The 

photoelectrochemical behavior of Ag-SiO2 NC thin films was also investigated. Thin 

films grown at higher Ag composition  showed good photoelectrochemical behavior. 
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ABSTRAK 
 
Komposit nano gabungan zarah nano perak dan silika pada nisbah pengisian yang berbeza 

dengan ditetapkan kepekatan zarah nano perak (AgNPs) telah berjaya disintesis dengan 

kaedah sol-gel dan didepositkan ke atas lapisan Timah Indium Oksida melalui 

Pendepositan Eletroforetik (EPD).  Saiz zarah nano perak yang disintesis melalui kaedah 

penurunan kimia didapati dalam lingkungan bersaiz diameter 20-30nm, berbentuk sfera 

dan seragam sepertimana yang diperhatikan daripada imej Mikroskop Elektron Pancaran 

(TEM). Imej yang dihasilkan oleh TEM juga mengesahkan bahawa jarak antara zarah 

nano perak yang terkandung di dalam komposit nano Ag-SiO2 NC berubah mengikut 

nisbah pengisian. Pelbagai pecahan pengisian komposit nano  Ag-SiO2 NC berjaya 

didepositkan ke atas lapisan Timah Indium Oksida melalui kaedah Pendepositan 

Elektroforetik (EPD). Peningkatan fasa berhablur diperhatikan melalui peningkatan 

puncak dalam spektrum  Sistem Pembelauan sinar X  (XRD). Keputusan analisis 

Spektroskopi Ellipsometri menunjukkan bahawa nilai ketelusan berkesan dan indeks 

biasan yang diperoleh daripada nisbah pengisian optimum ialah -0.88 dan 0.90 masing-

masing. Larutan 4-Aminobenzenethiol (4-ABT) yang dijadikan sebagai prob molekul ke 

atas komposit nano Ag-SiO2 NC telah berjaya meningkatkan isyarat Spektroskopi Raman 

dipertingkat permukaannya (SERS) bagi komposit nano tersebut. Keputusan daripada 

kajian pH  mengesahkan bahawa substrat SERS berasaskan nanokomposit perak-silika 

adalah stabil dan memberikan peningkatan isyarat SERS terkuat dalam persekitaran 

beralkali. Kajian fotoelektrokimia ke atas filem nipis Ag-SiO2 NC juga telah disiasat. 

Filem nipis Ag-SiO2 NC yang telah dideposit pada lapisan Timah Indium Oksida pada 

komposisi Ag dengan nilai nisbah pengisian 0.6 (Sampel ID: Ag60) menunjukkan 

keputusan fotoelektrokimia yang baik. 
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CHAPTER ONE: 

INTRODUCTION 

1.1  Background 

 

     The study of noble metals such as multifunctional metal nanoparticles and its 

employment as basic engineered building block in micro and nano-scales of various 

products has increased tremendously in the last several decades. These noble metal 

satisfies the versatility needs in the functional material in their applications which range 

from optical and photovoltaic to biological and chemical sensors (Oldenburg, 2014) and 

enhanced their performance with better quality than ordinary products with better 

functions but with less financial implications (Goldman & Coussesn, 2005).  

 

     The uniqueness of these noble metal nanoparticles such as silver, gold and copper are 

rendered by their strong surface plasmon resonance (SPR) properties. Due to the SPR 

phenomenon, the nature of these metal nanoparticles can be tailored to provide a specific 

optical characteristic. Their properties varies with the change in their size, shape and 

geometry(Li et al., 2014), surface plasmon resonance spectra (Vernon et al., 2010) and 

Raman surface-enhancement (Moskovits, 2005) and also has led to novel applications in 

optical sensing (McFarland & Duyne 2003), catalysis (Cliffel, 2004), luminescent tagging 

(Gao & Nie 2004) and functioned biological areas (Rothrock et al., 2005). 

 

     Surface plasmon resonance (SPR) occurs due to the collective oscillations of free 

electrons from the interaction of metal conduction electrons of metal with the incident 

photons. The earliest work on surface resonance plasmon application was found in the 

famous Lycurgus Cup produced during ancient Roman civilization (Hornyak et al., 
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2008). However,  it was not until 1990 that the remarkable properties of the Cup was 

uncovered. Scientist found that the impressive dichroism was due to the presence of 

nanosized particles of silver, gold and copper up to 100 nm in size. (Hornyak et al., 2008). 

 

    Silver nanoparticles (AgNPs) is the promising candidate compared to other metal 

nanoparticles reported in the literature (Bigot, 2000) due to its excellent and remarkable 

localized SPR, which give them the unique properties such as broad spectrum of surface-

enhanced Raman spectroscopy (SERS) (Natsuki et al., 2015) and strong signal in uv-vis 

absorption (Jasiorski et al., 2014). The integration of AgNPs with other functional 

electronics or optical assemblies have given rise to novel applications to the ordinary 

nanocomposite (Goldman & Coussens, 2005). Additional applications include molecular 

diagnostics, chemical sensors, photovoltaics and catalyst (Oldenburg, 2014). 

 

    Since late 1980s, fundamental studies have shown that AgNPs possess interesting 

interaction response to incident light due to their dielectric constants, which enable the 

occurrence of light repines in the visible frequency (Hirai et al., 1999). The remarkable 

properties of silver made it one of the metals that can be tailored to react across the full 

visible spectrum. The fundamental of metal-light interaction can be applied in various 

field such as photonics, whereby new materials can be made to transport light through the 

optical cables with a higher yield (Luo et al., 2005). 

 

     All the convincing motivation of material advancement arose from the high sensitivity 

of AgNPs with strong SPR on the nanostructures of the host medium with special 

properties not found in nature. This is due to the AgNPs ability to affect the permittivity 

or permeability of the host medium by having strong electric dipolar and magnetic 

response (Che Lah et al., 2011). With the increase of silver content randomly dispersed 
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in the host medium, AgNPs interconnected with each other lead to the formation of 

electrical conductive metal network at the percolation threshold. The plasma oscillation 

of these electrons in the interconnected AgNPs leads to a negative permittivity and was 

analyzed using the Drude model in the nanocomposite structure (Shi et al., 2013). 

 

     Since the last two decades, many research have been devoted to investigating the 

properties of AgNPs synthesized via chemical reductions (Tripathy et all, 2010), gas 

condensation(Evanoff et al.,2005) laser irradiation (Suber et al.,2005) sonochemical 

deposition (Bresme et al., 1998) and nanostructured templates (Wilcoxon et al., 1998). 

All these efforts have advanced the scientific knowledge of the nature of AgNPs. Ahead 

among others, chemical reduction techniques offer a novel, simple procedure for the 

synthesis of AgNPs compared to others which required higher production cost and more 

process timing because they used complex set-ups for synthesis (Faraudo et al., 2003,  

Guo et al., 2008, Ditlbacher et al., 2005). Other advantages are well-defined particle size, 

shape and size distribution which could be controlled by judiciously selecting the reaction 

temperature, order of reagents addition and protective agent/metal compound ratio which 

are the factors governed the plasmon resonance excitation of nanoparticles. 

 

1.2  Plasmonic Nanocomposite Materials  

 
     Nanocomposite materials have been widely become the focus of highly intense 

research in the last decades. This is due to their special and unique size-dependent 

chemical and physical properties (Henglein, 1993). In recent years, nanocomposite 

embedded with plasmonic nanomaterials with tailored size and shape has shown 

remarkable properties for many applications in optical, electrical and catalyst (Sakoda, 

2001). These materials rely on the controlled interaction between the propagation of 

electromagnetic field with the free electron at the surface of the metal (typically silver).  
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     Functionalization of metal nanoparticles embedded on the surface of dielectric 

material such as silica to acquire nanocomposite structures is motivated by 

interdisciplinary applications in nanotechnology and nanoscience (Kawashita et al., 2003; 

Niitsoo et al., 2011; Choma et al., 2012). In its hybrid metallic and non-metallic 

nanostructure, silica has demonstrated a wide range of applications such as in magnetic 

nanomaterials (Ren et al., 2009), photocatalysis (Wang et al., 2012), photonics (Lu et al., 

2002), optoelectronics (Mokkapati et al., 2009), surface enhanced Raman spectroscopy 

(Liu et al., 2011), biomolecular detection (Kalele et al., 2005) and biocatalysis (Phadtare 

et al., 2003).  

 
     Depending on the preferred interdisciplinary application, prior to the metal inclusions, 

the AgNPs are synthesized either in the form of pure nanoparticles or an ionic form to 

various ratio between AgNPs and oxide matrix such as silica (Flores et al., 2008; Quang  

2011). Silica nanostructure are very suitable as a substrate for the deposition of metals 

mainly because of their high active surface area and fine chemical durability (Juarez et 

al., 2009). Nanoparticles can obtained improved chemical stability and size 

monodispersity through deposition onto the silica support (Jasiorski et al., 2014). 

 

     The undisputed advantage of silica nanoparticles is also due to the possibility for 

surface functionalization. The modification of the silica particle surface enables the 

attachment of AgNPs as well as to control their growth. There are numerous papers 

published for the synthesis of embedded AgNPs onto silica nanoparticles (Flores et al., 

2008). The modification of silica nanostructure surface by various embedded amount of 

AgNPs is proven to effect its properties. The optical, electrical and thermal properties of 

the nanocomposite of Ag and SiO can be varied by controlling the amount AgNPs 
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embedded in the silica nanostructure (Jasiorski et al., 2014 ;Kumar et al., 2019; Pei et al., 

2010). The incorporation of nanoparticles in various amounts will extend their utility with 

the increase of AgNPs in the composition. The new nanocomposites exhibit novel optical 

properties as the plasmonic resonances are strongly affected by the surrounding matrix, 

because the closely spaced particles in matrices can exhibit cooperative phenomena when 

interacting with light. The AgNPs dispersion in the silica host matrix possesses efficient 

light scattering into the absorbing layer, or nano-textured surface of anti-reflection 

coatings to decrease undesirable back reflections which degrade the photovoltaic 

applications (Tan et al., 2012). 

 

     If novel optical properties are obtained from a sufficient amount of AgNPs randomly 

embedded into the silica nanostructure, they constitute what is known as a metamaterial 

(Capolino, 2010). Metamaterial is an artificially structured material that exhibits 

extraordinary electromagnetic properties not available or not easily obtainable in nature. 

Since the early 2000, metamaterials have emerged as a rapidly growing interdisciplinary 

area, involving physics, electrical engineering, materials science, optics and nanoscience. 

The properties of metamaterials are tailored by manipulating their internal physical 

structure such as dispersive permittivity and permeability (Etrich et al., 2014).  

 

     The permittivity is a measure of the dielectric polarization of the material when 

subjected to an electric field. The permeability is the degree of magnetization that a 

material obtains in response to an applied magnetic field. The strong negative permittivity 

of AgNPs is expected to effect the host medium to obtain special properties with sufficient 

volume ratio to the host medium (Cheng et al., 2020). 
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     Other optical properties which show novelty, such as the polarization and directional 

transmissivity of light can be affected as well. This makes them remarkably different from 

natural materials, whose properties are mainly determined by their chemical constituents 

and bonds. The primary reason for the intensive interest in metamaterials is their unusual 

effect on light propagation (Zhang, 2014). The isolated functioning of AgNPs act as a 

simplest meta-atom (sub-unit of metamaterial) providing the  affect of dispersive 

permittivity or permeability with strong magnetic or electric dipolar response 

Numerous researchers have confirmed that the desired optical properties could be 

attained by varying the parameters of inclusion in the dielectric host material (Etrich et 

al., 2014). The two main parameters are the filling fraction and the intrinsic properties of 

the constituents. Despite the strong polarization and large dispersion due to high filling 

fractions, plasmonic nanocomposites with optimum filling fractions should not disqualify 

the applications of the nanostructure (Etrich et al., 2014). 

 

     At present, these new properties is realized by a nanocomposite material consisting of 

thin wires and split-ring resonators (Shelby et al., 2001). Metal inclusions such as metallic 

nanowires, with a separation smaller than the incident wavelength are capable to tune the 

optical properties of the dielectric matix as long as the effective media approximation is 

valid. Sonication during gelation has been shown to improve the nanowire dispersal. The 

reflectometry data show the decrease of the real part of the refractive index from 1.17 to 

1.1 at 1064 nm wavelength, but at the same time recorded the increase in the imaginary 

part. Transmisson loss is also recorded in the sol-gel which is mainly due to the 

inhomogeneous scattering (Kielbasa et al., 2007).  
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     There are several methods used for the fabrication of nanocomposite to maintain the 

homogeneity. Generally, there are two category which is the top-down and bottoms 

approach.  The bottoms-up approach is much better in generating uniform particles, 

distinct size and shape. Despite the fact that these factors led to the growth of the 

nanocomposite, the sol-gel is found to have greater advantages due to its stability and 

better dispersion of metal within the dielectric surface nanostructure (Hornyak et al., 

2008). 

 

     The sol-gel synthesis is a bottom-up method which falls under the sedimentation 

method of liquid-phase category. Sols are actually a colloidal suspension of  nanoparticles  

and gel is a material that contains liquid within its pore nanostructure.  The several sol-

gel methods are the hydrolysis and condensation of metal alkoxides sol-gels, non-

hydrolytic sol-gel reactions, Pechini sol-gel methods, polymer pyrolysis sol-gels, 

inorganic-organic hybrids sol gels and colloidal dispersion sol gels (C.J. Brinker et al., 

1990). 

 

1.3  Problems Statement 

 
     To produce materials in the visible region with new properties such as with negative 

refractive index and negative phase velocity (in nano-inductors and nano-capacitors) 

which are not found in nature  faces certain challenges((Alu et al.,2006), since the 

magnetic permeability approach the free space permeability due to the molecular currents 

in the materials (Landau et al., 1984). Another approach is to design sub-wavelength 

inclusions that exhibit magnetic dipolar resonant response, and thus provide the 

possibility of having negative effective magnetic dipole moment at optical frequencies. 

This is based on the collective resonance of an array of plasmonic nano-particles arranged 

in a specific pattern (Alu et al.,2006). 
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     One of the great challenges in developing such properties in the near-IR and visible 

frequencies is that the electric and magnetic sub-units must be fabricated on the nanoscale 

for the medium to be considered optically homogeneous (Atsushi, 2011). In addition, the 

electric conductivity of the metals, behave differently when the frequency is increased 

into the IR and visible regions. A few possibilities in solving this issue are the utilization 

of coupled plasmonic parallel nano-wires and nano-plates (Podolskiy et al., 2002), 

closely-packed inclusions with negative permittivity and their electrostatic resonances (G. 

Shvets et al.,2004).  Despite their intriguing electrical, thermal and optical properties and 

promising candidates in flexible electronics (Azulai et al., 2009; Sun 2010; De et al., 

2009), the film posses significant roughness and irregular morphologies and shows 

circular rings and discontinuous film on the substrate (Lu et al., 2010; Robert et al., 2009; 

Budhiraja et al., 2013). 

 

     Beside numerous theoretical research on the tunable properties of metal-dielectric 

nanocomposite using the Maxwell Garnet (MG) model, less works have been devoted to 

the effect of various volume ratios of the AgNPs to the silica, on its optical and physical 

properties at constant concentration of AgNP on the experimental mode. This is due to 

the MG model doesn’t stabilize at higher filling fractions (Chaumet et al., 1998). Hence, 

the best composition of metal-dielectric host is yet to be achieved. The instability is 

caused by the van der Waals forces between nanofillers generally lead to strong 

agglomeration in the matrix, thereby dramatically reducing the electrical conductivity.  

To address these issues, various approaches for the dispersion of nanofillers in the 

nanocomposite matrix have been introduced. (Kim et al., 2021). Although this has not 

been thoroughly investigated, one of the the possible method is based on the MG 

model(Amroziak et al.,2019). 
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     In the case of plasmonic resonance, the Maxwell Garnett formula is correct only at a 

certain volume fraction of the inclusions, where the spatially domain separation and 

electrostatic interaction between the inclusions is enumerable (Belyaev et al., 2018). 

Currently, the effective media approximation is done based on theoretical studies. More 

studies are devoted on the theoretical aspects of the model compared to the experimental 

aspects. Therefore, the fine tuning of the optical properties into new dielectric value may 

offer versatility of the AgSiO2 NC for the fabrication a substrate for further applications. 

 
 
1.4  Research Objectives 

 

The objectives of this study are listed as follows: 

a) To synthesis AgNP via chemical reduction method and Silver Silica 

Nanocomposite (AgSiO2 NC) via Sol-gel technique.  

b) To  characterize the AgSiO2 NC at various filling fraction with several 

analytical techniques; DSC, TGA, TEM, FESEM, UV-Vis spectroscopy, 

XRD, FTIR, PL spectroscopy, SERS and Electrochemical Impedance 

Spectroscopy (EIS)). 

c) To optimize the Ag-SiO2 NC for achieving the best filling fraction of Ag/SiO2 

and SERS properties. 

d) To evaluate the PEC water splitting performance of  Ag-SiO2 NC under 

illumination.  
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1.5 Outline of Thesis 

 
     The first chapter, which is Chapter One includes the overview of this research work, 

objectives of research, problem statement and the outline of the thesis. The literature 

review of metallic nanoparticles, dialectric nanostructure characteristics and techniques 

on synthesis of the nanocomposite is presented in Chapter Two. The important aspects of 

metallic nanoparticles and the dielectric nanostructure will be reviewed, including the 

optical, structural and morphology of Ag-SiO2 NC.  

 

     Chapter Three focuses on the experimental procedures. Detailed procedures on the 

synthesis of the nanoscale Ag-SiO2 NC, morphological studies by using transmission 

electron microscopy (TEM), Uv-vis spectral measurements, infrared spectra were 

recorded using FTIR spectrophotometer, X-Ray diffraction (XRD) method to study the 

crystalline structure, electrophoresis deposition (EPD) to fabricate the thin film of 

nanocomposite for permittivitiy by using spectroscopic ellipsometry (SE) and the 

structural fingerprint of the nanostructure were studied using Raman machine for SERS 

applications. The photoelectrochemical behavior of Ag-SiO2 NC thin films was also 

investigated. 

 

   Chapter Four presents the results from the characterization techniques on the optical 

and permittivity studies right upon the experiments carried out in the previous chapter. 

UV-vis spectroscopy, transmission electron microscopic (TEM) images are provided in 

addition to the thin film fabrication by Electrophoresis Deposition for permittivity studies 

using Ellipsometer Spectroscopy. 
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     Chapter Five provides the results for the structural studies using XRD, FTIR and 

thermal studies using Differential scanning calorimetry (DSC) and Thermogravimetric 

analysis (TGA) characterization and application on SERS and Electrochemical 

Impedance Spectroscopy. 

 

     The final chapter, which is Chapter Six, is the summary of the whole project with a 

brief conclusion. Moreover, some of the future work will also be suggested in this chapter. 
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CHAPTER TWO: 

LITERATURE REVIEW 

 

 
2.1  Introduction 

 

     A concise and comprehensive review of the past research on the synthesis and 

characterizations of the metal and its nanocomposite are reviewed in this chapter. The 

comprehensive review in this chapter covers the following sections : a) Surface plasmon 

resonance (SPR), b) Extraordinary properties of silver nanoparticles (AgNPs), c) 

Properties of AgSiO2 nanostructures, d) Synthesis of AgSiO2 nanostructures. 

 

2.2 Surface Plasmon Resonance 

 

    SPR is a collective excitation of free electrons at the surface of a metal stimulated by 

incident light with a certain characteristic electromagnetic frequency. The resonance 

condition is created when the photon light frequency corresponds to the natural frequency 

of the electron surface that is proportional to the positive core recovery force. As shown 

in Figure 2.1 (a) SPR occurs at metal surface such as gold and silver when an incident 

light beam strikes the surface at a specific angle depending on the thickness of the 

molecule layer at the surface of a metal. This resonance occurs due to the negative 

dieletric properties of silver or gold at optical frequencies.  

 

     The speciality of Surface Plasmon Resonance (SPR) as the optical and electrical 

properties of metallic materials has made the nanotechnology field become more 

attractive and many discoveries pertaining to its applications have been made. Research 
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on the nanostructured plasmonic materials has intensified in recent decades. This is due 

to its unique shape and size-dependent, chemical and physical properties with the 

possibility to tailoring the particle shape and size. With the excellent control over the 

shape and uniformity, the result in novel properties among these materials can be 

exploited for various electrical and optical applications, including photonic crystals, 

nano-fabrications and nano-electronics.  

 

     The applications of SPR usually takes advantage of graded decrease in the intensity of 

the refracted light. In a local nanometer-sized structure, SPR is called the local surface 

plasmon resonance (LSPR). Thus, this produces a strong optical extinction of the metal 

nanoparticles. The excitation of conduction free electron generates local electromagnetic 

fields near to the metal surface. 

 

     Surface Plasmon Polariton (SPPs) are the electromagnetic waves which travel along 

the metal-dielectric interface and coupled to the oscillations of electrons in the metal. The 

coupling of light to the SPPs requires a phase matching, where the surface plasmon wave 

phase velocity is equal to the incident light lateral component (Ritchie, 1957; Barnes, 

Dereux & Ebbesen, 2003). As being localized at the interface as shown in Figure 2.1 (b) 

SPP will become extremely sensitive even to a small changes in the refractive index at 

the interface (Maier, 2007; Kabashin, 2009). 
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(a) 

 

 

 

(b) 

Figure 2.1: Surface plasmon resonance of metal nanoparticles. (a) 

Schematic diagram of propagating SPR along the dielectric-metal 

interface showing electric field generated around the oscillating 

surface electron. (b) Sign of localized surface plasmons on the side 

by side electron (Hong, 2012). 
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2.3  Silver Nanoparticles 

 

     Silver Nanoparticles (AgNPs) is a strong plasmonic materials with a remarkable 

optical properties compared to other noble metals such as gold and copper. The strong 

properties of AgNPs offer a lot of information and data about the physical state of the 

nanoparticles which can be acquired by analyzing the spectral properties of the 

nanoparticles in a solution. The response of AgNPs depends on the shape, size and 

geometry. As the diameter increases, the absorption peak of the plasmon resonance shifts 

to longer wavelengths and widens. The effect will be reversed when the diameter 

decreases. In general, the shape and size of the nanoparticles can be determined according 

to the pattern of SPR. Generally, any SPR pattern is a spectral fingerprint for any type of 

nanoparticles or nanostructures (Steven J. O, 2015). The SPR effect is more pronounced 

in the AgNPs compared to the AuNPs due to the very small AgNP dielectric constant 

value which causes a large local field enhancement and relatively smaller loss of the SPR 

propagation (G.Hong-Mei et al., 2009). 

 

     Compared to Au nanoparticles, Ag nanoparticles displays brighter fluorescence (Le 

Gue´vel et al., 2011) and receives greater attention owing to their considerable wide range 

of applications. Other advantages of AgNPs include strong scattering length and long-

term stability. These remarkable properties are essential for a sensitive but stable 

applications in sensor and catalysis applications (Sengupta et al., 2008). 
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     In the recent years, numerous efforts have been focused on the development of AgNPs 

synthesis with higher dispersion and more uniform size and shape. The synthesis process 

fall under four categories, i.e, the physical, photochemical, biological and chemical 

approaches. (Cuenya et al., 2010; Sau et al., 2010; Zhang et al., 2010). 

 

     Under the physical processes, the noble AgNPs are generally synthesized by 

evaporation and condensation by using a tube furnace at atmospheric pressure. The source 

material is vaporized into a carrier gas ( Gurav et al., 1994; Kruis et al.,2000; Magnusson 

et al., 1999). Although this physical approach produces large quantities of AgNPs 

product, this technique has several disadvantages as the tube furnace tube occupies a huge 

space, consumes very high energy (J.Natsuki et al., 2015) and is operated at high 

temperature (Kang, 2004). 

 

      In the photochemical process, AgNPs disintegrate into smaller size by irradiation until 

the nanoparticles achieve a relatively stable size and diameter distribution (Huang et al, 

2008). However, high cost equipments are required in this method (Natsuki et al., 2015). 

 

     In the biological approach, biological microorganism such as bacteria and fungus or 

plant extracts are used as reduction agents. The synthesized AgNPs from this approach 

are highly stable and provides an alternative source for the synthesis of AgNPs. However, 

from the advantages over the conventional chemical techniques, this technique is only 

suitable to produce AgNPs in smaller quantities (Natsuki et al., 2015). 
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     Compared to the abovementioned approaches, the chemical approach is the most 

preferred as the AgNPs could be highly dispersed and kinetically stabilized (Scaffardi et 

al., 2005) moreover this method is convenient and using simple equipments. The intrinsic 

properties of AgNPs are determined mainly by the size and shape, which are controlled 

during the nucleation and subsequent growth. The most fundamental aspect of the process 

is the use of reducing agents and stabilizing or capping agents which determines the 

distribution and size of the AgNPs. On the other hand, the absorption peak is not observed 

in the absence of a stabilizer (Che Lah et al., 2011). 

 

     The preparation of AgNPs in colloidal dispersion can be performed by chemical 

reduction. The size and shape of the AgNPs in this process is determined by the 

temperature. At the lowest temperature of 80 ºC the spherical-shaped AgNPs shows a 

single peak at 392 nm and a peak shift to 409 nm at a higher temperature However, the 

most prominent SPR absorption is recorded at 436 nm with oblate polygonal-shaped peak 

(Luo et al., 2005). The SPR bands are further improved by adding a stabilizer such as 

Daxad 19 (sodium salt of polynaphthalene sulfonate formaldehyde condensate. In this 

process, the SPR bands of the spherical shape AgNPs at lower temperature 80 ºC is 430 

nm, while the polygonal-shaped AgNPs at 120 ºC is 496 nm(Che Lah et al.,2011). The 

maximum absorbance is increased as the density increases higher at arbitrary temperature 

(Vodnik et al., 2010; Mock et al., 2002). 

 

     Real-space topography and imaging of the produced AgNPs is very significant for the 

correlation analysis of the size, shape, composition, structure and stability (Huayan et al., 

2015). These fundamental properties define the functionalities of the AgNPs for its 

applications in areas mentioned in the previous sections. The high functionality of the 

AgNPs is due to the numbers of silver atoms which consist as a single nanoparticle. The 
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diameter of the silver atom is about 0.288 nm. Thus a particle of one nanometer in 

diameter consists of 31 silver atoms while a 5 nm diameter AgNPs  consists of  3900 

silver atoms, while a particle with the a diameter size of 20 nm consists of 250,000 silver 

atoms. The size of the AgNPs in colloidal form is between 5 nm and 200 nm. The 

measurement of the particle sizes is performed using a Photon Correlation Spectrometer 

(PCS) that can measure sizes up to 1 nm (Huayan et al., 2015).  

 

     The analysis performed by the PCS is in agreement with the images using Ultra High 

Vacuum Scanning Tunneling Microscopy (UHV STM). Figure 2.2 shows the topography 

of AgNPs using low-temperature STM  at a base pressure 10-11 mbar, (Zhou et al., 2018). 

 

 

 

Figure 2.2:  TEM image of AgNP dispersed in 

colloid (Mahmudin1,  2015) 
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 (a) 

 

 

 (b) 

Figure 2.3:  STM images for AgNPs a) at higher 

resolution and b) focus on one AgNPs. 
 

     Spherical AgNPs with average size of 20-30 nm in diameter exhibits the characteristic 

symmetric absorption peak at 430 nm (Awwad et al., 2012), 420 nm (Trefry et al., 2010; 

Baset et al., 2011) This absorption peak is shifted towards a higher wavelength region by 

tuning their physical properties such as shape and size of the particles. A single clear peak 

at 392 nm indicates the presence of a uniform, spherical-shaped nanoparticles at the 
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lowest temperature (80 ºC) (Luo et al., 2005). At higher temperature, the SPR bands are 

broaden and exhibit two maxima at 409 and 348 nm. This indicates the formation of 

spherical shaped AgNPs and the presence of truncated edges in the anisotropic structures, 

respectively. The SPR peaks for the oblate polygonal AgNPs appear at 436 and 322 nm 

at 120 ºC. The UV–vis results clearly support the TEM images in Figure 2.3. The increase 

in the maximum absorbance at each temperature is due to the particle density, which is 

strongly dependent on the amount of silver reduction at the surface of the medium ( Mock 

et al.,2002 ; Pesika et al., 2003; Vodnik et al., 2010) 

 

     Among the various shape and size of AgNPs, the homogeneous spherical shape has 

more advantages due to its well-fitting to the Mie’s Scattering Model (Amendola et al., 

2009). It is significant to note that Mie’s model accounts well with the shape and size of 

the isolated AgNPs in the optical spectra in order to compute the effectiveness of the 

dielectric function of the simulated system in accordance  to the Drude’s model for metal 

nanoparticles (Che Lah et al., 2011). 

 

     The dielectric function of the nanoparticles is related to its optical properties, in 

particular to the reflection, dispersion, polarization and transmission at the fundamental 

level. At this level, the dielectric function of AgNPs contributes to the understanding of 

electronic structure of the metal (Taft et al., 1961 ; Honghua et al., 2015). 

 

     The AgNPs is optically isotropic due to a face-centred-cubic crystal lattice. As a result, 

the dielectric function of AgNPs can be expressed as a scalar quantity  𝜀(𝜔) =  𝜀𝑜 𝜀𝑟(𝜔) 

, where 𝜀𝑜 is the vacuum permittivity and 𝜀𝑟(𝜔)  is the relative dielectric function which, 

in the absence of magnetic affects, describes a full electromagnetic response of the 
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medium (Honghua et al., 2015). The real part of 𝜀𝑟 and its imaginary component, 𝜀𝑖 can 

be represented by the Drude’s model (Crooker et al., 2003) as shown below: 

                                     𝜀𝑟(𝜔) = 1 −  
𝜔
𝑝2

𝜔2 + 𝜔𝑐2
                                           (2.1)  

                                     𝜀𝑖(𝜔) =  
𝜔
𝑝2
 𝜔𝑐

 𝜔(𝜔2 + 𝜔𝑐2)
                                              (2.2) 

Whereby 

                                   𝜔𝑐 =  𝑣𝑓
𝐿
  +  

2 𝑉𝑓

𝑑
                                          (2.3) 

                                         𝜔 =  2𝜋𝑐
𝜆

                                                                       (2.4)                                           

 

Then, the relative dielectric values of ε(ω) = εr(ω) + iεi(ω) relates to the refractive index 

values by  

                                  𝑛̃ (𝜔) =  𝑛(𝜔) +  𝑖𝑘(𝜔) =  √ 𝜀 (𝜔) .                                   (2.5) 

 

2.4   Silver Silica Nanocomposite  

 

     Silver silica nanocomposite (Ag-SiO2 NC) consists of  dispersed AgNPs on the surface 

of Silica (SiO2) nanostructure (Pei et al., 2014).  SiO2 particle can be seen containing 

many small AgNPs with typical sizes of 5 nm in diameter as shown in Figure 2.4 

(Jasiorski et al., 2014). 

 

     The main advantage of this nanostructure is the dispersion of AgNPs throughout the 

silica which prevents the agglomeration of the AgNPs. This is possible due the high 

surface to volume ratio of the surface of SiO2. The large number of hydroxyl group on 

the surface provides electrostatic binding energy with the AgNPs as shown in Figure 2.5. 
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(Das et al., 2013; Maurizio et al.,2003). The SiO2 nanostructure plays an important role 

in controlling the optical interactions and separation distance between the AgNPs which 

is effective in tuning the plasmonic properties. This will enable the nanostructure to create 

a hot spot between the closely packed AgNPs due to the localize electric field between 

the NPs (Rahman et al., 2016). 

 

     The SiO2 nanostructure acts as a appropriate carrier for the incorporation of AgNPs 

into polymers, coatings and optical applications. A further benefit is that the restriction 

of AgNPs mobility within the silica nanostructures facilitates the discharge and disposal 

of the AgNP themselves. The advantage of this property is the development of a stable 

substrate for sensor applications (Sanvicens et al., 2008 ; Rameshkumar et al., 2013 ; 

Radeshkumar et al., 2006). 

 

 

 

Figure 2.4: TEM images showing SiO2 spheres with well disperse of 

AgNPs (Jasiorski et al., 2014). 
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Figure 2.5:  Surface structure of Ag nanoparticle 

decorated SiO2 gel, dry and hydrated (Mons, 2007). 

 

 
     Under ambient temperatures, AgNPs tend to crystallize into silica nanostructures. This 

is another advantage for the functionalization of pure silica. Due to the strong ionic bond 

between the Si-O unit cell and AgNPs distorted from the ideal structure causing a large 

spontaneous polarization along the bond-axist ( Rameshkumar et al., 2013; Merlin et al, 

2009).  

 

     Due to this advantage, the Ag-SiO2 NC  possesses numerous novel properties such as 

hot spot for the electromagnetic signal for SERS applications and electromagnetic 

polarization based on the Drude and Lorentz model. However, the amorphous phase with 

the silica nanostructure is stabilized by the embedded of AgNPs (Rameshkumar et al, 

2013).  

 

     The Ag-SiO2 NC   possess higher stability. The crystalline lattice structure of the Ag-

SiO2 NC   possesses two kinds of bonds, named as B1 and B2. As shown in Figure 2.6, 

the B1 bond is more covalent in nature while the B2 is more ionic. The covalent bonding 
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increases with the amount of SiO2, and increases the stability towards chemical 

weathering. Therefore, the formation energy of B1 is relatively larger compared to the B2 

resulting in easy dissociation of the B2 bond at higher growth temperature. The (100) 

plane is composed of only B2 bond while the planes of (111), (200), (220) and (311) 

consists of the B1 bonds together (Liu et al, 2014). The Si–O and Si–Si bonds are 

characterized by a dissociation energy of 8.26 eV and 3.29 eV, respectively (Weast et al, 

1968). 

 

 

 

Figure 2.6: Shows a typical  Ag-SiO2 NC  (Scheerschmidt, 2007) 

 
 
 
2.4.1    Morphology of Ag-SiO2 NC 

 

     The functionalities of Ag-SiO2 NC can be understood through the morphology of its 

nanostructures and from the correlation between the size, shape and the optical properties 

of the nanostructure. These analyses define the specific functionalities of the Ag-SiO2 NC 

with the incorporation of AgNPs onto the surface of the silica nanoparticles. The 

arrangement and dispersion of AgNPs provide an understanding of the optical behavior 
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of the nanocomposites (Huayan et al, 2015). There is a strong correlation between the 

concentration and AgNPs dispersion on the silica nanoparticles as shown in Figure 2.7 

(Jasiorski et al, 2014). It is suggested that during the synthesis process, the AgNPs are 

encapsulated by the SiO2 as shown in Figure 2.8, and as a result the absorption peak of 

SPR is reduced compared to the pure silver. The binding of AgNPs on the surface of  SiO2 

with the OH-1 functional groups occurs due to the present of stabilizers (Eremenko et al, 

2010). 

 

 

 

Figure 2.7: TEM images showing SiO2 spheres with 12% (a and b), 20% 

(c and d), 50% (e and f) concentration of AgNPs (Jasiorski et al., 2014). 
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Figure 2.8: TEM of Ag/SiO2 powder (0.05% Ag) ( 

Eremenko et al., 2010). 

 
 
 
2.4.2    Structural Properties of Ag-SiO2 NC 

 

 
     X-ray diffraction technique (XRD) reveals the information pertaining to the 

crystallographic structure, physical properties and chemical composition of materials. 

This technique is based on analyzing the scattered pattern of an X-ray incident radiation 

hitting a sample as a function of incident and scattering angle, polarization, and 

wavelength or energy. Figure 2.9 shows the comparison of the XRD pattern between pure 

SiO2 and Ag-SiO2 NC (Nguyen et al.,2013). The series of peaks in Figure 2.9 (b) clearly 

visible at  2θ  = 38° , 44.2°, 64.2° and  77.2°  shows the presence of AgNPs within the 

nanostructure which is not seen in Figure 2.9 (a). 
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     Jasiorski et al. (2014) established a correlation between the intensity of the peak and 

the concentration degree of  AgNPs. They reported that the characteristic of the 

diffraction peaks representing pure metallic silver are insignificant at low concentration 

but are clearly visible at  2θ ═ 38° , 44° and 64°  with the increasing of concentration of 

AgNPs as shown in Figure 2.10. 

 

     Another correlation between the intensity of the diffraction peaks and the amount of 

silver in the material where the composites exhibit similar pattern with four well-resolved 

diffraction peaks which are found at 2θ angles of 37.9° , 44.1° , 64.3° and 77.2° in the 

range of 10° to 80° and indexed to the (111), (200), (220), and (311) as reflections 

indicating the presence of AgNPs as a crystalline structure embedded on the surface of 

SiO2. The work also confirms that the average size of the AgNPs are relatively small as 

shown by the narrow size of the peaks in Figure 2.11 (Wu et al., 2016). 

 

 

 

Figure 2.9: XRD patterns of (a) pure SiO2 and (b) Ag-SiO2NCs 

(Nguyen et al.,2013). 
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Figure 2.10: XRD diffraction patterns of amino-functionalized SiO2 

spheres with different concentration of AgNPs (Jasiorski et al., 

2014). 

 

 

 

Figure 2.11: XRD spectra showing the effect of average size of 

AgNPs present in SiO2 composite (Wu et al., 2016). 
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2.4.3    Optical Properties of  Ag-SiO2 NC 

 

     The optical properties of AgSiO2 depend on the doping variation of the AgNPs. By 

varying the parameters of AgNPs inclusions into a SiO2 dielectric host, it is possible to 

attain the desirable optical properties of the nanocomposite. Various concentrations of 

AgNPs could control the amount of AgNPs dispersed in the host matrix. This determines 

the magnitude of the electric or magnetic dipolar response in the far-field. The increase 

in concentration or molar ratio of AgNPs increases the absorption peak of the host matrix 

(Rameshkumar et al., 2013; Jasiorski et al., 2014; Shibata et al.,1998) as shown in Figures 

2.12 – Figure 2.14. The absorption peak is red shifted with the increase of the AgNPs 

size, while a blue shift is observed when the size is decreased. Figure 2.13 shows the 

broad absorption peak which shows the decrease in the size of the nanoparticles within 

the nanostructure. Figure 2.14 shows the effect of  molar ratio of AgNP/SiO2 on the UV-

Vis spectra. The absorption peak increased with the amount of AgNPs. 

 

     It is reported from previous work that the SPR absorption is not just sensitive to the 

properties of the particles size and shape, but also to the surrounding medium. A red shift 

is observed for smaller particles, if the AgNPs is dominated by the configuration of the 

dielectric (Liz-Marzan et al., 1996). According to the Mie’s scattering theory, the dipole 

absorption due to electric field is oriented along the interparticle axis within the 

nanostructure specified plane which contributes to a significant red shift of the absorption 

peak (Xu et al., 2006). 
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Figure 2.12: A typical surface plasmon absorption spectra obtained 

from pure SiO2 (a) and  Ag-SiO2 NC at various concentration; 

SiO2/Ag (1mM) NPs (b), SiO2/Ag (2 mM) NPs (c), and SiO2/Ag (3 

mM) NPs (d). (Rameshkumar et al., 2013). 

 

 

Figure 2.13: Absorption spectra of SiO2 spheres with the 

increase of Ag concentration of nanoparticles (Jasiorski et 

al., 2014). 
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Figure 2.14:  Absorption spectra of Ag/SiO2 with the increased 

in molar ratio of AgNP/SiO2 (Shibata et al., 1998). 

 

 
 
 
 
2.4.4    Dielectric Properties of  Ag-SiO2 NC 

 

     The electromagnetic properties of Ag-SiO NC is usually characterized by the dielectric 

permittivity ε and its magnetic permeability μ, while another essential parameter such as the 

refractive index (n = √𝜇𝜀 ) can be determined accordingly.  The Ag-SiO2 NC have a relative 

permittivity based on  𝜀𝑟 =  𝜀/𝜀𝑜 in which usually larger than unity and the relative 

permeability,  𝜇𝑟 =  𝜇/𝜇𝑜  is also approximately unity, where the   𝜀𝑜  and  𝜇𝑜 is the 

permittivity and permeability of free space or air, respectively. Nanoscience and technology 

has made it conceivable to tailor these dielectric properties by varying the nanometal 

dispersion according to future applications. 
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     The ability to affect the dielectric properties of a nanostructure requires constituting 

entities, so-called meta-atoms, with a strong magnetic or electric dipolar response. These 

meta-atoms act as an integrated unit to construct a pattern which must be smaller than the 

light’s wavelength if a spatially homogeneous response in the far-field is desired. These 

geometry properties of the elements within the unit cells determine the primary resonance 

of both dielectric permittivity and the magnetic permeability (Christoph et al., 2014). 

 

     As for the Ag-SiO2 NC, the Maxwell Garnett model is frequently used to predict the 

effective permittivity (eff ) of the nanocomposite, formed by two constituting entities 

which is the spherical inclusions, ( i)  and the host matrix, (h ) as shown in equation 2.5: 

 

                               𝜀eff  =  𝜀ℎ ℰ𝑖(1 + 2f)  +  2 ℰℎ(1-f)
ℰ𝑖(1- f)  +  ℰℎ(2+f)

                                         (2.5)   

                             

where f is the volume fraction (filling factor) of the spherical inclusion, ( i)  (ranging from 

0 to 1). 

 

The Maxwell Garnett mixing formula does not provide any adjustable parameters to 

account for any changes in the geometry which keep the filling fractions unchanged. 

Therefore, the only way to distinguish the “host” from the “inclusion” is that the filling 

fraction of the former is much larger than the latter. Thus, at higher filling fraction, the 

model is unstable due to the asymmetric build up of the metal inclusions and the matrix 

host with the increase in the inclusions concentrations (Chaumet et al., 1998). 
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     In the previous work, the MG theory is used to study the effective permittivity of Ag-

SiO2 NC by varying the amount of metal nanoparticles in the dielectric (Moiseev S.G et 

al., 2010). The permittivity of the synthesized AgNPs is used as the spherical inclusions, 

( i) while the permittivity of silica is used as the host matrix, (h ). 

 
 
2.4.5    Photocatalytic Properties of  Ag-SiO2 NC 

 

     As reported from previous research, SiO2 has low absorption in the visible region of 

solar spectrum due to its large band gap (9 eV) (Shi et al., 2013) but at the same time, it 

is the most promising material due to the abundance, cost, stability and nontoxicity 

(Behara et al., 2016) and has a wide range of applications including catalysts, photonics, 

chemical-mechanical polishing due to their ordered mesostructured and thermal stability. 

Due to these advantages, SiO2 nanoparticles have better photocatalyst efficiency 

compared to TiO2 (Zhang et al., 2011; Acosta et al., 2011; Kamegawa et al., 2010). 

 

     One of the best mechanism to modify the optical and photo-catalytic properties of SiO2 

is by doping the nanostructure with noble metals such as Au, Ag and Pt which can be 

coupled to the nanostructure and improves the separation of charge carrier and as well as 

photon absorption (Subramanian et al., 2004; Paramasivam et al.,2008; Mokari et 

al.,2005). The SPR effect from these noble metals especially AgNPs, is due to the 

coherent oscillation of free electrons stimulated by the visible light with certain 

characteristic electromagnetic frequency.  
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    The excitation of free electron conduction generates local electromagnetic fields near 

the metal surface which then benefits the facile formation of electron and proton pairs in 

the vicinity of the semiconductor (Ingram et al., 2011; Awazu et al., 2008; Thimsen et 

al., 2011; Hua et al.,2012). Thus, SiO2 doped with AgNPs offers a good  electronic 

properties, photochemically stable, responsive to solar-irradiation, having the oxidation and 

reduction potential for hydrogen generation (Alfaifi et al., 2018). 

 

     There are two different mechanisms in the plasmonic photocatalytic activity. The first 

mechanism is based on the absorption of visible light by the noble metal NPs which leads 

to the generation of photocarriers at the semiconductor-metal surface. This initiates the 

redox reactions on the plasmonic photocatalyst surface. This mechanism strongly 

depends on the movement transfer of the generated electrons and/or holes from  the noble 

metals to the semiconductor (Wang et al., 2012). The second mechanism is based on the 

SPR-induced electric field which enhances the rate of the formation of electron and proton 

pairs. This process benefits from the localized electromagnetic energy at the 

semiconductor surfaces (Yu et al., 2019). 

 

 
2.5   Synthesis of Nanocomposite materials  

 

     Numerous methods and processes can be utilized to produce plasmonic 

nanocomposites. These methods and techniques have their own advantages and 

disadvantages. In this study, the focus is towards a simple and effective experimental 

method for producing metal-dielectric nanostructure that possess novel properties that is 

not found in nature such as negative permittivity at the optimum filling fraction ratio 

based on the Effective Medium Theory (EMT). There are generally two methods to 

synthesize nanocomposites; the top down and bottom up approach (Natsuki et al., 2015). 
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2.5.1 Top-down Method 

 

     The objective of the top-down method is to reduce the bulk macroscopic size particles 

into the nano size particles. This technique is not suitable to produce uniformly shaped 

particles due to the difficulties in controlling the experimental conditions. The top-down 

method is a physically intensive and extremely diverse method. Nanomaterials that are 

formed from the top-down technique can be categorized into mechanical-energy, high-

energy, thermal, chemical, lithographic and natural methods. 

 

2.5.2 Bottom-up Method 

 

     The bottom-up methods are much better in generating uniform particles, distinct size 

and shape. This method begins with the atoms that aggregate in the solution or even in 

the gas phase to produce particles of definite sizes. The problems of this method is related 

to the stability issues, as the particles are dispersed in aqueous suspension the particles 

posses high mobility, thus have collide with each other and form a clusters and 

aggregations. The bottom-up methods can be categorized into the gas-phase, liquid-phase 

and lithographic methods. The sol-gel method falls in the category of the liquid-phase 

(bottom-up methods). There are two type of the liquid phase method which is the liquid 

and sedimentation method. The sol gel technique falls in sedimentation method (Hornyak 

et al., 2008). 
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2.6   Sol-Gel Technique 

 

     The sol–gel technique is a sedimentation method which falls under the bottom-up 

category of nanocomposite synthesis. It has been used extensively in oxide film 

fabrication due to the flexibility of the preparation steps. Besides this, it is also widely 

used as the synthesis method of metal oxide composite. It is a well known wet-chemical 

process which is widely used in the area of materials science and ceramic engineering. It 

is a means of preparing the dispersion of materials through the growth of nanometals 

within the nanostructure of the composite. Materials fabricated by the sol–gel method 

usually possess a developed structure of pores with different size, in which the 

stabilization of nanoparticles in the different chemical nature is feasible. 

 

     Sol-gel chemistry is based on the inorganic polymerization reactions. The metal-

polymers nanostructures can be produced through the process of hydrolysis and 

condensation with the present of metal alkoxides (M(OR)n as the precursors. In this 

expression, M = Ti, Si, Zr, Al, Sn, while OR is the alkoxy (- O- CH3) group, and n is the 

valence state of the metal (Blanchard et al., 1998). 

 

     The sol-gel reactions promote the growth of colloidal solution (sol) that acts as 

precursors and their subsequent network formation (gel) through hydrolysis and 

condensation reactions of inorganic alkoxide monomers.  The use of metal alkoxides are 

common because they readily react with water. The widely used metal alkoxides are 

Tetraethylorthosilicate (TEOS) and Tetramethoxysilane (TMOS). The chemical 

procedure involves the ‘sol’ (or solution) which slowly changes to form a gel-like 

diphasic system which contain both the liquid and solid phases, where the morphologies 

range from discrete nanoparticles to continuos polymer networks. With regards to the 
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ratio of the metal-colloid and the host matrix (gel-like), the volume fraction (or filling 

fraction) of the colloid should be kept low or at optimum ratio for the gel-like properties 

to be realized. To accomplish this, the process will allow the time for the sedimentation 

to occur, and then poured off or sucked from the remaining liquid or by the use of 

centrifugation to accelerate the process of phase separation. Then, the system undergoes 

a drying process to remove the remaining liquid (solvent) and is usually followed by 

substantial amount of shrinkage and densification. The speed of which the solvent can be 

removed is ultimately determined by the distribution of nanoparticles in the gel (C.J. 

Brinker et al., 1990). 

 

     There are 5 different routes of the sol-gel processing; hydrolisis and condensation of 

metal alkoxides, non-hydrolytic sol-gel reactions, Pechini gel methods, polymer 

pyrolysis, inorganic-organic hybrids and colloidal dispersion as summarized in Figure 

2.15. 

 

Figure 2.15: Different routes of the sol-gel processing (Dimitrev et al., 2008). 
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2.6.1   Hydrolysis and Condensation of Metal Alkoxides Sol-Gel  

 

     In this process, the metal alkoxides, such as Tetramethoxysilane (TMOS) and 

Tetraethyl orthosilicate (TEOS) will undergo a series of hydrolysis and condensation 

reactions to produce the sols and gels. Firstly, the alkoxy groups (Si-OR) will undergo a 

hydrolysis process and then followed by the condensation reaction which generates the 

silanol groups (Si-OH), which then condense into the Si-O-Si bonds by alcohol. The two 

stage process of alkoxy polymerizations is the main difference compared to the common 

organic polymerization reactions.  Besides TEOS, other alkoxides which commonly are 

used in this process are the aluminates, zirconates and titanates but are only used with 

much smaller scale and is used with other kind of materials such as the TMOS and TEOS 

(Brinker et al., 1990). 

 

2.6.2   Non-Hydrolytic Sol-Gel Reactions 

 

     The non-hydrolytic sol-gel reactions or coined as non-hydrolytic sol-gel chemistry 

(NHSG) is a process of producing mesoporous materials to obtained highly homogeneous 

dispersion of metal within the nanocomposite in the absence of water. As no water is used 

throughout the synthesis, the alkoxide will act as the oxygen donor. Although the volatile 

organic solvents were easily removed in this simple method ( Acosta et al., 1994), the 

reaction rates are slower compared to the hydrolytic sol-gel (Le Roux et al.,1998; 

Wakabayashi et al.,2010; Hagiwara et al.,2008  Bassindale et al., 2003). Other oxygen 

donors used in this process are ethers, carboxylates and carboxylic acids. 

 

Univ
ers

iti 
Mala

ya



39 
 

 

2.6.3   Pechini Sol-Gel Methods (chelate polyesterification) 

     The Pechini Process is referred as the entrapment of cations in a polymer network in 

order to avoid the building up of multiple phases of binary oxides in the common 

hydrolysis and condensation rates. This method is used for systems containing multiple 

cations compared to the common system which involves a single cation (Nishio et al., 

2004). In this process, citric acid is used as the chelating agent to surround and entrap the 

cations. Then, the chelated cations will be immobilized by the formation of polymer 

network in a gel or resin. Under oxidizing conditions, the product is then combusted to 

remove any organic content and yields homogeneously dispersed cations in an oxide 

product (Chen et al., 2018). 

 

2.6.4   Polymer Pyrolysis Sol-Gel 

 

     Polymer pyrolysis process is a sol gel technique to produce nanostructured 

multicomponent composite/ceramics with an exceptional thermal stability at a very high 

temperature more than 2000 °C. The yield of oxidation resistance is better than chemical 

vapor deposition grade polycrystalline carbides or nitrides (Iacona et al.,2000 ; Raj. et al., 

2001). There are two essential steps in this process. Firstly, the hybrid sol-gel 

nanostructures of multicomponent composite/ceramic are synthesized from the metal 

alkoxides modified with organics or inorganic materials. Secondly, under controlled 

conditions, these nanostructures are pyrolyzed into ceramics. The thermal process is 

conducted in a high temperature of more 1000 °C until an amorphous covalent ceramic 

is achieved (Riedel et al., 1996). The change of phase and microstructure of the final 

product depends on the metal oxide content (Ceccato et al., 2003). 
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2.6.5   Inorganic-Organic Hybrids Sol-Gel 

 

     In this sol-gel category, the metal alkoxide and a polymer in common solvent is used 

as the co-dissolved precursor. With a small amount of catalyst to catalyze the reactions 

which consist of hydrolysis, alcoxolation and oxolation (Orgaz et al., 1998), the processes 

are concurrently governed by the solvent, water and pH, with other manipulated 

parameters such as the ratio of the alkoxide, type of catalyst, temperature and 

concentration (Livage et al., 1988). The preparations of the hybrid organic-inorganic 

membranes are given strong attention due to their utilitarian physical properties. The 

applications of such polymers with high organic groups are seen in biomaterials, 

membranes, coatings, optics and electronics. The combination of characteristics of both 

organic polymers and inorganic compounds enable these novel nanostructures to obtain 

respectable optical, electrical and mechanical properties (Ebert et al., 2004). 

 

 

2.6.6   Colloidal Dispersion Sol-Gel 

 

     A colloidal dispersion sol-gel is composed of nanosize particles homogeneously 

distributed by a dispersing medium. The type of dispersing medium could vary from very 

polar solvents such as water or formamide to highly non-polar solvents such as tolune or 

alkanes depending the nature and surface chemistry of the nanosize particles. The 

nanosize particles are also subjected to the Brownian motion. The Brownian motion is 

directly dependent on the solvent temperature. The rate of diffusion of the nanosize 

particles then depends on its size and shape and the solvent viscosity. As for the spherical 

shape, the diffusion rate increases with the decrease in the particle radius. For the smaller 
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size particles, the sedimentation process under the gravitational forces is slower compared 

to the larger particles. The smaller particles have greater advantages as the gravity 

prevents the particles from settling while the thermal motion is a significant factor in 

keeping the nanosize particles homogeneously distributed. (Matter et al., 2020).  
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CHAPTER THREE: 

RESEARCH  METHODOLOGY 

 

3.1  Introduction 

 

     In this chapter, all experimental setups for the synthesis of AgNPs and Ag-SiO2 NC 

will be described in detail. The main objective is to synthesize a stable AgNPs suspended 

in colloidal solution and Ag-SiO2 NC at various volume fraction using sol-gel technique 

and characterize the samples for their morphology, optical, thermal. structural and  

electrochemical properties.  

In this work, the samples are prepared in two steps process. 

▪ Step 1 : Synthesis of spherical AgNPs dissolved in deionized water at constant 

concentration with high homogeneity.  

▪ Step 2: Synthesis of five (5) samples of  Ag-SiO2 NC   with varied volume ratio 

of AgNPs/SiO2 with sol-gel technique for further characterization. 

The characterization techniques used on the samples are also presented in this chapter. 

The prepared samples were directly tested using Ultraviolet Visible (UV-Vis) 

Spectroscopy, Photoluminescence Spectroscopy (PL), Field Emission Scanning Electron 

Microscopy (FESEM), Transmission Electron Microscopy (TEM), Ellipsometry 

Spectroscopy, X-ray diffraction (XRD), Fourier Transform Infrared (FTIR) spectroscopy, 

Differential Scanning Calorimetry (DSC), Thermogravimetric analysis (TGA), Surface 

Enhanced Raman Spectroscopy (SERS) and Electrochemical Impedance Spectroscopy 

(EIS). 
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3.2  Materials 

 

     All chemicals were used without further purification. Daxad 19 (Sodium Naphthalene 

Sulfonate Formaldehyde Condensate) (MW800) (CAS Number:36290-04-7) (Canamara) 

as a stabilizer,  Silver Nitrate (AgNO3) (CAS Number: 7761-88-8) (Fisher Scientific) as 

the silver source and Polyethylene glycol (PEG) (CAS Number: 25322-63-4) (Agros 

Organic) as the reducing agent. Special grade reagents of Tetraethylorthosilicate (TEOS, 

CAS number: 78-10-4, Aldrich, 98%) and ethanol (CAS Number: 64-17-5, RM 

Chemicals) (99.5%) were used for sol-gel process.  

 

     Ammonia (35% aqueous solution )(CAS Number: 7664-41-7, RM Chemicals) and 

Ammonium Fluoride (CAS Number: 12125-01-8, RM Chemicals) were used to prepare 

the catalysts solution for the sol-gel reaction of TEOS. Deionized water was used in all 

preparation for aqueous solution. The used of PEG is to stabilized the AgNPs to avoid  

any changes in its physical and optical properties at room temperature(Luo et al., 2005). 

Figure 3.1 shows the complete overview of the research methodogy. The dispersion of 

Ag-SiO2 NC in the EPD process using  2-propanol (CAS Number : 67-63-0, RM 

Chemicals). Ag-SiO2 NC were separately deposited onto several ITO glass substrates 

(Magna Value Supplies, Malaysia, thickness 2500 nm, sheet resistance  ≤ 7 Ω/sq).  
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3.3   The Overview of Research Methodology 

 

The methodology of the research works are semmarized as follows: 

 

 

Figure 3.1 : Summary of research methodology  

 

 

 

 

Univ
ers

iti 
Mala

ya



45 
 

 

3.4  Synthesis of Silver Nanoparticles (AgNPs) 

 

     The preparation of AgNPs consists of three (3) phases. Phase I ; Nucleation and 

Growth of AgNPs, Phase II; Purification of AgNPs via centrifuge and Phase III ; 

Preparation of AgNPs colloids solution. 

 

3.4.1  Nucleation and Growth of AgNPs 

 

     AgNPs were synthesized by chemical reduction methods using Silver Nitrate 

[Formula:AgNO3] as the precursor with Polyethylene Glycol (PEG) [formula : 

H(OCH2CH2)nOH]   as the reduction agent and Daxad 19 (Sodium Naphthalene Sulfonate 

Formaldehyde Condensate  [ Formula : C12H14Na2O6S2]) as the stabilizer. In this work, 

4.5 g Polyethylene Glycol (PEG) and 5 g of Daxad 19 (were dissolved through deoinized 

water under magnetic stirring. As shown in Figure 3.2, the solution turn to light brown 

color then heated and maintained to 80o C. The temperature is very important in order to 

produce a spherical and homogeneous silver nanoparticles. Then, 4 g of AgNO3 was 

dissolved into the solution. The mixed solution turn to grey-black color indicated the 

formation of AgNPs. The solution is then stirred for 1h with the temperature maintained 

at 80o C to obtain spherical shape (Che Lah et al., 2011). The process is described in the 

following equation: 

 

                   2HOCH2–CH2 OH   →  2CH3CHO + 2H2O                                         (3.1) 

 

2CH3CHO + 2AgNO3  
C21H14Na2O6S2    
→            
reduction 
process

  CH3CO–COCH3 + 2Ag + 2HNO3                  (3.2) 
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Figure 3.2:  Chemical reduction of AgNO3 to AgNPs 

 

 

 

Figure 3.3:  Centrifuge  machine 
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3.4.2  Purification of  AgNPs 

 

     The solution was cooled to room temperature and prepared for centrifugation. The 

centrifuge is used in this work for the purification process which is to separate the samples 

from PEG and Daxad 19 residue. The 150 mL cylinder container was used to fill with 

silver solution. Using the Hettich Zentrifugen EBA 12 as shown in Figure 3.3, several 

150 mL cylinders were placed in the centrifuged machine. The internal feature of the 

machine is shown in Figure 3.4. The centrifuge machine was set at 6000 rpm for 20 

minutes. Once the cylinder is removed, the percipitated AgNPs was found at the bottom 

of the cylinder as shown in Figure 3.5. The inhaled solution was suctioned out of the 

cylinder and left to find the AgNPs. Once it has been completely dried, the precipitated 

metal is washed again by using distilled water. The washing process was repeated for 3 

times. In the last step of the centrifuge, after the solution is removed, the  metal percipitate 

is washed with acetone solution.  by filling the cylinder containing the precipitated metal 

with acetone and centrifuged again. Then, the acetone solution is removed and dried. At 

this final step, the purification of AgNPs was obtained, represented by glossy metal 

percipitate as shown in Figure 3.6. The precipitated AgNPs is dried at room temperature 

with a grey-white shinning color as shown in Figure 3.7. The AgNPs powder that has 

been produced is stored in a mini glass bottle as shown in Figure 3.8. 
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Figure 3.4:  Centrifuge machine with internal setting  

 

 

 

Figure 3.5:  First step of centrifuge process. Visible precipitation at 

the bottom of clear 150 mL tube cylinder container. 
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Figure 3.6:  Final step of centrifuge process. Shining silver 
precipitation at the bottom of the 150 mL cylinder. 

 

 

 

Figure 3.7:  AgNPs at the end of centrifuge process. 
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Figure 3.8:  AgNPs for storage in mini glass bottle 

 

3.4.3  Preparation of AgNPs in Colloids 

     The freshly prepared AgNPs is then dissolved and dispersed in deionized water to 

form a homogenous colloidal solution at 50 mM. The colour of AgNPs colloids solution 

is reddish brown as shown in Figure 3.9. 

The concentration of AgNPs colloids is given as; 

A) Numbers of mole of  AgNPs 

i) Sample mass  = 0.27 g 

ii) Molar mass of Ag =107.87g 

Numbers of mole : 

Numbers of mole 

Sample of AgNPs
Molar Mass AgNPs

     =   0.27
107.87

   = 0.0025 mole                                       (3.3) 

B) AgNPs colloid concentration 

MV
1000

   =  numbers of mole                                                                             (3.4) 

         M(50 mL)
1000

  = 0.0025 mole    

            M   =  0.05 M (50 mM) 
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Figure 3.9:  AgNPs suspended in colloid solution 

 

3.5  Preparation of Catalyst Solution for Ag-SiO2 NC Synthesis 

 

   The following reagents were used to synthesis the catalyst solution: 

i) Dionized water  (18 mL) 

ii) 0.07 mL of 30% aqueous ammonia (NH3) ( RM Chemicals) with M=17.03g/mol 

is used as the main component of catalyst.  

iii) 0.3 mL of 0.5 M Amonium Fluoride (RM Chemicals, M=37.04g/mol) is used as 

a buffer for the catalyst. The preparation of Amonium Fluoride solution as 

follows: 

                         M(V)
1000

   =  mass sample of  NH4 F
Molar mass of NH4 F

                     (3.5) 

The chemical used in this section are shown in Figure 3.10. 
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Figure 3.10:  Ammonium Fluoride and Ammonium Solution used in this research. 

 

3.6  Synthesis of Silica Nanoparticles 

 

     In this process, special grade reagents of alkoxide; Tetraethylorthosilicate or TEOS 

with the chemical formula  Si(OC2H5)4 ) and ethanol (99.5%) were used. 12.5 mL TEOS 

and 10 mL of ethanol is mixed under vigorous magnetic stirring for 40 minutes to allow 

the hydrolysis and condensation of TEOS at pH of 9.4. The process is known as 

hydrolysis because of the combination of hydroxyl ion to silicon atom shown as follows: 

 

Hydrolisis; 

Si(OC2H5)4 + H2O   
C2H5OH +  H2O  
→             HO-Si(OC2H5)3 + (OC2H5)-OH                    (3.6) 

 

Si(OC2H5)4 + 4 H2O → Si(OH)4 + 4 (OC2H5)-OH                           (3.7) 

 

     Si(OH)4 is termed as silicic acid which traditionally is known as synonym for Silica 

(SiO2). Depending on the amount of catalyst, the process may reach to completion where 

all the OR group replaced by OH-1 groups. 
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3.7  Synthesis of  Ag-SiO2 NC 

 

     The synthesis of Ag-SiO2 NC was conducted as follows : AgNPs at constant 

concentration (50 mM) taken from safe storage, sonicated for 1 hour to avoid aggregation. 

The sonicated AgNPs were then dispersed in the freshly prepared sol-gel under vigorous 

magnetic stirring. The solution is then sonicated for 1 hour using a ChromTech sonicator 

(Taiwan) with 40 kHz frequency and 1200W power as shown in Figure 3.11. After 

sonication, the prepared catalyst solution was slowly added into the main solution by 

injection at the rate of  about 1.0 mL/min using 5 mL syringe. Immediately after that, the 

mixture is poured into a plastic lab dish and sonicated again for 1 hour in a sonicator as 

shown Figure 3.11. The plastic lab dish is arrange in such a way as shown in Figure 3.12 

to let the samples to be exposed to room temperature. This will kept the AgNPs dispersed 

during gelation which preventing aggregation. The samples are then dried at room 

temperature for 4 days to remove the residues (Kielbasa et al., 2007) as shown in Figure 

3.13. The reaction in this process is divided into two main reaction which occurs 

simultaneously (Kim et al., 2002); condensation reaction of the hydroxyl group with other 

ethoxy group from other TEOS as expressed in Equation (3.8). and the immobilization of 

silver onto silica nanostructure expressed as in Equation (3.9). 

 

Si(OC2H5)4 + 4 H2O → Si(OH)4 + 4 (OC2H5)-OH                                                     (3.8) 

 

Si(OH)4 + Ago  →  SiO2Ag0 +  2H2O                                                                          (3.9) 
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     In order to study the effect of  various filling fraction of Ag/SiO2 on its properties,  the 

whole process is repeated for different volume of AgNPs colloids. Figure 3.13 shows the 

samples at various filling fraction. The summary of this process are shown in Figure 3.14. 

A sample of sol-gel without AgNPs is prepared in the same way for comparison. Table 

3.1 shows the detailed parameters of the sol-gel preparation. 

 

 

Table 3.1:  Details of sol-gel preparation. Different filling fraction  with constant 

concentration (50 mM) were used. 

 

 
Sample ID 

TEOS 
(mL) 

AgNP (50 mM)  
(mL) 

Fraction  
AgNPs/TEOS  

Ag20 12.5 2.5 0.2 

Ag40 12.5 5.0 0.4 

Ag60 12.5 7.5 0.6 

Ag80 12.5 10.0 0.8 

Ag100 12.5 12.5 1.0 
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Figure 3.11: Picture of  Sonication machine 

 

 

 

 

Figure 3.12:  Ag-SiO2 NC  samples are prepared for drying process 
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Figure 3.13:  Ag-SiO2 NC  Samples powder at different volume ratio 

 

 

 

Figure 3.14: Summary of the process ;(a) AgNPs synthesis by 

chemical reduction technique (b) Nanocomposite synthesis 

via the sol-gel technique 
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3.8    Thin film fabrication using electrophoresis technique 

 

3.8.1  Glass slide preparation 

 

     Glass slide coated with Indium Tin Oxide (ITO) is used as a substrate for the 

composite deposition by electrophoresis process. In this preparation, the ITO substrate 

with thickness of 2.2 mm is cut into small rectangular size slides with the average the size 

of the slides is 25 x 12.7 mm as in Figure 3.15. The slides were ultrasonically cleaned 

sequentially using distilled water, acetone and then soaked in ethyl alcohol for 10 minutes.  

Finally they were sonicated again for 30 minutes. The conductive surface is determine 

using digital multimeter which shows of an average of 11.0 V and then labelled with non 

electrosatic tapes 

 

 

Figure 3.15:  ITO Substrate unit for electrophoresis deposition 

 

 

 

 

 

 

Univ
ers

iti 
Mala

ya



58 
 

 

3.8.2  Electrophoresis Setup 

 

     The freshly prepared ITO-coated glass slides  is then used as electrode(anode) for Ag-

SiO2 NC deposition and the same glass substrate is used as counter electrode (cathode). 

The electrodes were assemble in parallel arrangement with a separation of 1 cm to the 

custom made electrode holder as shown in Figure 3.16. The complete setup of this process 

is shown in Figure 3.17. 

 

 

 

Figure 3.16: Customised electrode holder for electrophoresis process. 
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Figure 3.17: Experimental setup for Electrophoresis Deposition(EPD) 

process showing the control system. 

 

3.8.3  Deposition of  Ag-SiO2 NC onto ITO 

 
     The Ag-SiO2 NC were crushed into powders and dissolved in deionized water. The 

solution was diluted by 2-propanol to form a solvent-based EPD bath with 10 vol. % Ag-

SiO2 NC (pH =2.5 to 3.0) as show in Figure 3.18. The solvent-based bath is commonly 

used in the EPD method because it prevents gas generation which hinders the deposition 

process (Kelly et al., 2016). Prior to deposition process, the solution was then sonicated 

for an hour to reduce particle agglomeration.  The solution is then connected to external 

circuit by the electrode with a potential difference of 80 V and the deposition process was 

performed for 5 minutes to obtain a minimum thickness. The ITO substrate with coated 

Ag-SiO2 NC  thin film [Figure 3.19] was then dried at 50 ºC in a vacuum oven for an hour 

to eliminate the remnant solvents from the EPD process. 
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Figure 3.18: Schematic diagram of electrodeposition process for synthesizing 

Ag-SiO2 NC thin film on ITO glass substrate 

 

 

 

Figure 3.19:  ITO glass substrate with Ag-SiO2 NC deposition 
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3.9   Characterization Techniques 

 

     Various techniques were used for the samples characterizations. Transmission 

Electron Microscope (TEM) were used to study the morphology of the metal 

nanoparticles and nanocomposite. The optical study of the nanocomposite has been 

investigated using UV-Vis and Photoluminescence (PL) , The crystalline structure of the 

Ag-SiO2 NC  thin films has been investigated using XRD. FTIR and Raman Spectroscopy 

was used to study the structural properties of the deposited thin film. The dielectric 

properties  of the thin film was measured using Ellipsometer Spectroscopy (ES). The 

photocatalytic properties were studied using Electrochemical Impedance Spectroscopy 

(EIS). 

 

3.9.1  Field Emission Scanning Electron Microscopy (FESEM) 

 

     The Field Emission Scanning Electron Microscope (FESEM) is used to observe very 

fine features of the surfaces and capturing high quality of images at a lower voltage. In 

this research, FESEM (JSM 5410LV, JEOL, Japan) as shown in Figure 3.20  is used to 

observe the size, shape and distribution of  AgNPs. Generally, as shown in Figure 3.21, 

FESEM consist of two main component which is Field Emmision and Scanning electron 

Microsope. The first component is where the excited electron (known as primary electron) 

is produced from a metal surface with the presence of a very high electric field. The 

primary electron beam is then accelerated by the field gradient and passes through 

electromagnetic lenses and focusing onto the target specimen. From this bombardment, 

high energy electrons (known secondary electron) were then emitted from the sample 

through elastic and inelastic scattering together with the electromagnetic radiation each 

of which will be detected by the detectors. The produced image of the sample is created 

by the combination of various intensity of secondary electron. 
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Figure 3.20: Picture of FESEM machine 

 

 

  

Figure 3.21: Schematic diagram of FESEM 

(http://www.clipartpanda.com/clipart_images/scanning-

electron-microscope-41803737 (25/4/2018). 
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3.9.2  Transmission Electron Microscopy (TEM) 

 

     Further morphology studies on AgNPs and Ag-SiO2 NC at various filling fraction were 

performed using Transmission Electron Microscopy (TEM)(LEO LIBRA, Germany) 

(Figure 3.22), operating at 120kV. There are four main components in a TEM: an electron 

optical column which consist of electron gun, a vacuum system, a series of lens for 

focusing and deflecting the beam together with the high voltage generator for the electron 

source, and control software as in Figure 3.23. Compared to other microscope, the TEM 

system will project the electron beam pass through the specimen. Hence, the quality of 

the desired image is determined by the thickness of the sample. Ultra-thin sample should 

be prepared before the TEM analysis. In this work, AgNPs and Ag-SiO2 NC samples 

were dispersed in deionized water and sonicated for 60 minutes to prevent particle 

agglomeration. From each samples, a small drop of suspension was placed on a copper 

grid. A few second after the sample particles suspended at the copper grid. Nucleopore 

polycarbonate filters were  used to tape the grid. This is to remove any excessive material 

from the grids. The grids were then left to dry at room temperature for 3-4 days before 

sent for TEM analysis. In the TEM, the images is  then magnified by the projection lenses 

system and was then captured in the image recording system for morphological studies. 
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            Figure 3.22: Picture of Transmission electron microscope 

 

 

Figure 3.23: Schematic diagram of TEM  

(Source: http://en.wikipedia.org/wiki/Transmission_electron_microscopy)  
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3.9.3  Ultraviolet Visible (UV-Vis) Spectroscopy  

 
     The optical properties of AgNPs and Ag-SiO2 NC were studied using Ultraviolet 

Visible spectrophotometer single beam (Biocary 50 Varian, US), as shown in Figure 3.24. 

Essentially, the Ultraviolet Visible spectrophotometer analysis is based on the 

comparison between the light intensity passing through the sample (I) to the light intensity 

passing it without the sample (I0)(T.Owen et al., 1996). The result of analysis usually 

expressed as a percentage of (%T) and the absorbance is refer as A which is written as: 

 

                                                A = - log (%T/100%)                                                (3.10) 

 

     All the samples used in this analysis are diluted in deionized water. The samples are 

typically placed in a transparent rectangular-shape cell known as cuvette with the width 

size of 1 cm. The cell was placed into the chamber and exposed to UV, visible and near 

infrared radiation as in Figure 3.25. The absorption spectra were analyze within the 

wavelength range between 190 – 800 nm. 

 

 

Figure 3.24:  Picture of  UV-Visible spectrophotometer (Biocary 50 Varian) 

Univ
ers

iti 
Mala

ya



66 
 

 

 

 

Figure 3.25:  The schematic diagram of Ultraviolet Visible (UV-Vis) spectrophotometer 

(www. Fadhl.alakwa.weebly.com   5/11/2019) 

 

 

3.9.4  Photoluminescence Spectroscopy (PL) 

                               

     The spectrometer LS55 series (Perkin Elmer, US) is used to obtain the 

photoluminescence spectra of Ag-SiO2 NC samples as shown in Figure 3.26. The 

machine is used because it covers a large range of excitation and emission energies. A 

Xenon lamp discharge is used as a light source because it produces a continuum of light 

from the ultraviolet to the near-infrared for sample excitation. The emission were 

recorded within the wavelength range of between 200 to 800 nm. Within the excitation 

part, a pivoted grating combined with two concave mirrors serves as a monochromator. 

The desired excitation wavelength is selected from the incoming polychromatic radiation 

produced by the Xenon lamp. Finally, the emission is then captured by the detector as 

shown in Figure 3.27.  
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Figure 3.26:  Picture of Photoluminescence machine 

 

 

 

Figure 3.27 :  Schematic diagram Photoluminescence.  
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3.9.5  Fourier Transform Infrared Spectroscopy (FTIR) 

 

     Fourier Transform Infrared Spectroscopy (FTIR) is a characterization technique used 

to study the chemical bonds and interaction between the atoms within the studied 

nanomaterial. FTIR spectra is used to identify the molecular structure of the nanomaterial. 

In this research, FTIR (Perkin Elmer, US) was used to ascertain the presence of AgNPs 

in the Ag-SiO2 NC nanostructure as shown in Figure 3.28. In this measurement, the 

sample are made into powder form and placed in the sample holder of the 

spectrophotometer and IR radiation is let to passed through the samples within wave 

region between 500 cm-1 to 4000 cm-1. As shown in the schematic diagram in Figure 3.29, 

part of the radiation is absorbed and part of it will passed through (transmitted) the 

samples. The resultant spectra will shows series of peaks representing the molecular 

absorption and transmission, which creates the signature pattern or fingerprint of the 

sample. This pattern provide the detailed information of the sample’s molecular structure. 

 

 

       Figure 3.28: Picture of FTIR Spectrometer 
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Figure 3.29:  Schematic diagram of FTIR 

 

 

3.9.6  Zeta Potential Analysis (ZP) 

 

     Zeta potential (ZP) analysis is a characterization technique used to estimate the surface 

charge of  nanoparticle suspensions in order to understand the physical stability of the 

particles. In this technique, the charged particles dispersed in dionized water are placed 

into a zeta cell and upon application of an external electric field, the particles will travel 

toward the respective electrode which opposite to the particle charge. Their zeta potential 

and  electrophoretic mobility, is calculated by Zetasizer Nanoseries (Malvem Technique, 

UK). In this measurement, Zeta potential measurements were then carried out on the 

suspension solutions containing AgNPs and Ag-SiO2 NC in separate zeta cell using 

Zetasizer from Malvern Instrutment Ltd as shown in Figure 3.30.  
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Figure 3.30: Picture of Zeta Potential Machine (Malvern Instrument) 

 

 

3.9.7  Thermogravimetric Analysis (TGA) 

 

     Thermogravimetric Analysis (TGA) is one of the widely used technique for thermal 

analysis. The TGA system as in Figure 3.31 provide thermogravimetric information in a 

shape of curve. The samples in this work are tested for their thermal stability. The stability 

test of all sample were conducted using TGA instrument (SDTA 851 Mettler Toledo, 

Switzerland). In this technique, the system analyses the changes in the amount and weight 

for the samples as a function of time or temperature in isothermal state in an enclosed 

system. The system consist of thermobalance, electronic microbalance with a furnace, 

temperature programmer and computer unit for control and display data as shown in 

Figure 3.32. 
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     All samples is made into powder, put in the sample holder, and heated. The powder 

form is to ensure the maximum surface area to be heated. In this test, N2 is used as the 

purge gas and injected into the atmosphere where the heating process is carried out  using 

sample weights of 5-10 mg over a temperature range of 20-1000 oC with the scan rate of 

10 °C/min. The changes in the amount and weight of the sample are simultaneously 

measured during the heating and cooling process in a controlled manner where the mass, 

time and temperature data are captured and presented in a shape of curve for further 

analysis.  

 

 

 

 

                            Figure 3.31: Picture of Transgravimetric Analysis machine 
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Figure 3.32: Schematic diagram of TGA machine 

 

3.9.8  Differential Scanning Calorimetry(DSC) 

 

     Differential Scanning Calorimetry is another thermal analysis technique used to 

measure heat change, either exothermic or endothermic reaction of the materials as a 

function of temperature. The DSC instrument (Mettler Toledo DSC 820, Switzerland) 

shown in Figure 3.33 is used in this research to analyze the fusion and crystallization of 

the samples. Figure 3.34 shows the schematic diagram of the DSC technique. There are 

two heating pan (heaters) in the main heating chamber, one is for reference pan and the 

other one is sample pan. Empty aluminium crucible is put on the reference pan. The 

sample (about 10 mg) were sealed in the aluminium pans. The analysis were carried out 

under the Nitrogen flow at the heating rate of 20 ºC/min   within the temperature range of 

–100 to 100 ºC. The heat energy is measured during the heating and cooling process. The 

curves obtained were then used to analyzed the fusion and crystallization heat of the 

samples. 
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Figure 3.33:  Picture of Differential scanning calorimetry (DSC) 

 

 

 

Figure 3.34: Schematic diagram DSC machine 
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Figure 3.35: Typical graph of DSC 

 

Figure 3.35 shows the typical DSC graph at where glass transition temperature, 

crystallization temperature and melting temperature can be determined. Endothermic or 

exothermic reaction can also be analysed using this DSC graph.  

 

3.9.9  X-Ray Diffraction (XRD) 

 

     X-Ray Diffraction or XRD is a non-destructive technique which used to analyze the 

crystallographic structure of materials. This technique utilizes the small wave length to 

penetrate through the planes in the crystal solids and therefore enable in providing 

detailed information of the crystal structure such as the orientation, thickness, interplanar 

spacing of the structure and orientation of the crystals in the solid (Rosenthal et al., 2007). 

In this research, X-Ray Diffraction unit (Model SIEMEN D500, Germany) operated at 

40 kV and 40 mA) as in Figure 3.36 is used to determine the diffraction angle. The results 

from the X ray diffraction was represented by the value of  θ in Scherrer’s formula in the 

equation below: 
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                                                𝑠 =  
𝑘𝜆

𝛽 cos𝜃
                                           (3.11) 

 

     In the equation, k is the Scherrer’s constant of the order of unity for normal crystals, 

usually having a value of 0.9. The X-ray wavelength is represented by λ. In this research, 

the value λ was taken as 1.5406  Å. The complete schematic diagram of X-Ray diffraction 

technique is shown in Figure 3.37. 

 

 

                        

Figure 3.36:  Picture of X-ray diffraction machine 
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Figure 3.37:  Schematic diagram of X-Ray diffraction machine  

(Sardela Jr, 2014) 

 

 

3.9.10  Surface enhanced Raman Spectroscopy (SERS) 

 

     Surface enhanced Raman Spectroscopy (SERS) is spectroscopic technique used to 

study the structural fingerprint of materials based on the signature pattern produced by 

the enhancement of the inelastic scattering of the reemitted photons. In this research, the 

technique is used to analyze the fingerprint pattern of Ag-SiO2 NC samples. The analysis 

of the nanostructure is based on the light interaction with the samples which then changes 

the photon frequency due to inelastic scattering of monochromatic light from a laser 

source produced by Micro-Raman spectrometer (HORIBA Model: XploRA Plus, France) 

as in Figure 3.38. In this work, the sample is illuminated with a laser beam as the source 

of photon in the visible, near-infrared, or near ultra-violet range. The photon of the laser 

beam is then absorbed by the sample and then reemitted. The photon from the beam 

interacts with the electrons of the bonds of the molecules on the thin film surface. The 

frequencies of the reemitted and scattered photons varies and shifted either to a lower (red 
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shift) or higher (blue shift) values compared to the original frequency, which then is 

known as Raman effect. The effect of  this normal Raman scattering is usually weak and 

SERS has to be employed to enhanced the signal for analysis. The enhanced spectra or 

pattern shift in the frequencies from the effect provides detailed information about the 

rotational, vibrational and other frequencies transitions of molecules or atoms in the 

samples. The computer is connected to the CCD (as shown in Figure 3.39) to convert the 

transitions mode into spectrum using specific software. 

 

  

                      

Figure 3.38:  Picture of Raman machine. 
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Figure 3.39:  Schematic Raman Spectroscopy technique 

(Gouadec, Ph. Colomban / Progress in Crystal Growth and 

Characterization of Materials 53 (2007) 1-56) 

 

 

3.9.11  Ellipsometer Spectroscopy (ES)  

     Spectroscopic Ellipsometry (SE) is another non-destructive optical technique which 

measures the change in the polarization state upon a polarized light reflected obliquely 

from a thin film surface. The analysis of the optical properties of a thin film is based on 

the measurement of two independent ellipsometry parameters, amplitude ratio (Ψ) and 

phase change (∆). Ellipsometry is a model based analysis which also used to determine 

the thin film interface, thickness, as well as optical properties.  In this research, 

Spectroscopic ellipsometry (SE) (HORIBA, Model : MM16 System, France) as in Figure 

3.40 was used to determine the  thickness of the sample thin film, the optical constants 

such as the refractive index, extinction coefficient and permittivity values. The SE light 

source is a combination of a tungsten-halogen lamp and a blue LED provides stable 

illumination across the visible range of 430-850 nm. The input and output heads are 

identical and comprises of a Glan-Taylor polarizer, two ferroelectric liquid crystal cells 
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and a fixed retardation plate. The light is analyzed by a spectrograph with a CCD detector 

and is able to deliver the complete 16-element Mueller matrix in 2 seconds with high 

accuracy and precision. Figure 3.41 shows the set up of the SE technique. 

 

 

 

Figure 3:40: Picture of  Ellipsometer machine. 
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Figure 3.41:  Schematic diagram of an ellipsomentry technique 

 

 

3.9.12  Electrochemical Impedance Spectroscopy (EIS) 

 

     Electrochemical Impedance Spectroscopy (EIS) is a technique implemented to study 

the electrical properties of dielectric and semi-conductive materials. EIS results presents 

the information about the conducting materials by measuring current as function of 

applied potential (E). In this research, the photo-electrochemical studies of the samples 

were carried out with potentiostat/galvanostat instrument (Metrohm, Model; Autolab 

PGSTAT302N, US) as in Figure 3.44.  In Figure 3.42, an experiment setup with a 

conventional three-electrode with Ag SiO2 /ITO modified electrodes were used as the 

working electrode (WE) and a platinum wire were used as counter electrode while 

Ag/AgCl (KCl) as reference electrode. For the photochemical studies, the fabricated thin 

film electrode was inserted into a cell containing 0.5M Sodium Hydroxide (NaOH) 

aqueous solution exposed to the dark and the illumination condition generated using 
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xenon arc lamp 150W (Newport, Model 69907) with AM 1.5G filter as shown in Figure 

3.43. The light intensity was calibrated to 100 mW/cm2  and the scan rate was 25 mV/s 

and the scan range ranging from -0.5 to 0.5V vs SCE. 

 

 

Figure 3.42:  Schematic diagram of three-electrode PEC water splitting cell, 
where WE ; working electrode, CE ; Counter electrode and RE is the reference 

electrode. 
 

 

 

Figure 3.43:  The illumination condition generated using xenon arc lamp 150W 
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Figure 3.44: Picture of  Potentiostat/Galvanostat (Model: Autolab PGSTAT302N) 
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CHAPTER FOUR: 

OPTICAL, MORPHOLOGICAL AND PERMITTIVITY STUDIES 

 

4.1   Introduction 

 

     This chapter presents the analysis and results of the morphology, optical and 

permittivity studies of Silver Silica Nanocomposite (Ag-SiO2 NC) at various filling 

fractions with constant concentration.  The samples ID with different volume ratios of 

AgNPs to SiO2  i.e Ag:SiO2 are ; [20%, sample ID Ag20], [40%, sample ID Ag40], [60%, 

sample ID Ag60], [80%, sample ID Ag80] and [100%, sample ID Ag100] were used to 

investigated the effect of AgNPs inclusions on the nanocomposite. The UV-Vis spectra 

were obtained where the indirect band gap of amorphous structure of silica could be 

studied. The images from TEM are shown for the morphology analysis. The values of 

dielectric contant (εr), dielectric loss (εi), refractive index (n) and extinction coefficient 

(k) were obtained from Spectroscopy Ellipsometry (SE). 

 

4.2   Optical Studies 

 

4.2.1  Ultraviolet Visible Spectroscopy Studies 

 

     The optical spectra of AgNPs and Ag-SiO2 NC were investigated using UV-Vis 

spectrophotometer. The optical absorbance spectra of AgNPs and Ag-SiO2 NC at various 

volume ratios were measured at room temperature.  
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4.2.1.1   Absorption Spectroscopy of AgNPs 
 
 
     The absorption band for AgNPs in Figure 4.1 shows a clear and sharp peak at 423 nm 

due to the narrow size distribution of the nanoparticles which indicate that the AgNPs are 

present in the crystalline state. The AgNPs are spherical, discrete and homogeneously 

dispersed with a mean diameter size of 33 nm. This shows that the aggregation process 

occurs at a slow rate with the releasing of the free energy during the nucleation process 

via particle surfaces and as a result reduces the activation energy barrier during nucleation 

(Pal et al., 2006 ; Liz-Marzan et al., 1996). 

  
 
 

  
 

Figure 4.1: The SPR spectra of AgNPs with a symmetrical peak at 423 nm which 

indicates a narrow particle size distribution in the inset picture. 
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4.2.1.2   Absorption Spectroscopy of Ag-SiO2 NC at Various Filling Fraction 
 
 
     The UV-Vis absorption spectra of all samples in Figure 4.2 show the effect of various 

degree of filling fractions of AgNPs incorporated into the nanostructure. The sample with 

ID Ag20 shows a red shift at 456 nm wavelength followed by other filling fractions ;  

Ag40, Ag60, Ag80 and Ag100 at 455 nm, 453 nm, 447 nm and 435 nm, respectively. The 

size of full width at half maximum (FWHM) for all samples Ag20, Ag40, Ag60, Ag80 

and Ag100 are measured as 122 nm, 136 nm, 112 nm 97 nm and 114 nm, respectively. It 

is obvious that the absorption peak belong to all filling fraction show an increase in the 

FWHM and are red shifted compared to AgNPs particles.  

 
 
 
     The absorption spectra of UV corresponds to the excitations of outer orbital of the 

electron. As the UV radiation passes through the samples, the affected atoms or molecules 

in the samples absorb energy while it rotates and vibrate with respect to each other. This 

energy is then used to initiate an electron from the ground level to an excited level. The 

discrete energy levels packed at each electronic level contributes to the absorbance 

spectra. It is reported from previous work that the SPR absorption is not just sensitive to 

the properties of particles size and shape, but also to the surrounding medium. The blue 

shift of small particles will be observed if the AgNPs dominated the configuration of the 

dielectric.  

 

     As in this work, the surrounding nanostructures were dominant and a red shift is 

observed with the increase in the size of FWHM. The shift is also due to the local increase 

of refractive index and scattering from the larger SiO2 nanoparticles (Liz-Marzan et al., 

1996). According to Mie’s scattering theory, the dipole absorption due to electric field 
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oriented along the interparticle axis within the nanostructure specified plane contributes 

to a significant red shift of the absorption peak (Xu et al., 2006). For this reason, in the 

UV-Vis measurement, the mean 23 nm red shift as seen after the encapsulation of AgNPs 

into Silica is in good agreement with the TEM images. 

 
 
 
 
 
 

 
 

Figure 4.2:  UV-Vis absorption spectra of  Ag-SiO2 NC at the 

various filling fraction (a) pure SiO2 (b) Ag20 (c) Ag40 (d) Ag60 

(e) Ag80 and (f) Ag100. 
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Figure 4.3:  (αhυ)2 vs. hυ (direct bandgap) plots of pure SiO2  and 

Ag-SiO2 NC at various filling fractions of Ag/SiO2 (a) Ag20  (b) 

Ag40  (c) Ag60  (d) Ag80 (e) Ag100 

 

 

     The general equation of Tauc plot method is given as 

 

(αℎ𝜐)𝑛 = 𝐾  (ℎ𝜐 − 𝐸𝑔)                                                         (4.1) 

 

     Where hυ is the incident photon energy, Eg is the direct band gap energy, α represents 

the absorption coefficient, K is the energy independent constant, and n is the nature of 

transition. To determine the nature and width of the band gaps, (αhυ)2  was plotted versus 

incident photon energy (hυ) as shown in Figure 4.3. 
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     The linear part as shown in the plot (αhυ)2 versus  (hυ) shows that the samples has a 

direct energy band gap. This direct band gap values and the allowed direct transition 

energies were determined by the intercept on the x-axis which represents the energy by 

extrapolating the linear portion of the curves to zero absorption value which gives the 

value as shown in Figure 4.4. These values are summarized in Table 4.1. 

 
 

    
 

Figure 4.4:  (αhυ)2 vs. hυ (direct bandgap) plots of (a) Ag20  (b) 

Ag40  (c) Ag60   (d) Ag80 (e) Ag100. 
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Table 4.1:  Samples with the direct band gap values 
 

Samples Wavelength (nm) Band Gap (eV) 

Ag20 456 2.63 

Ag40 455 2.08 

Ag60 453 2.03 

Ag80 447 2.02 

Ag100 435 1.99 

 
 
 

     Figure 4.5 is the UV-Vis absorption spectra of the substrate tested in different pH. The 

substrate in a basic medium (pH 9.4, 10.8 and 12.8) exhibit stronger absorbance peaks 

while the substrate in acidic medium (pH 3.4 and 4.8) shows lower absorbance, with no 

absorbance at pH 1.4. The strongest absorption peak is seen at pH 9.4 due the present of 

more AgNPs since the nucleation and rapid growth of AgNPs is at pH 9.0 (Sekhar et al., 

2018). The substrate is more stable in the basic medium compared to the acidic medium. 

The substrate spectra at all pH are slightly blue-shifted due to the pH effect on the 

different scattering in the Ag-SiO2 NC nanostructures. One of the reasons for the stronger 

signals at higher pH medium is the presence of the strong dipole-dipole interactions of 

the OH-1 and the decrease in the nanoparticle size which are blue-shifted for all samples. 

This in turn, tunes the nano-gap between the nanoparticles which creates vast SERS hot 

spots for the electromagnetic enhancement (Chen et al., 2017). 
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Figure 4.5:  Uv-Vis spectra of pH studies of the optimum filling fraction (Ag60). 
 
 
 
 
 
4.2.2  Photoluminescence Studies 
 
 
     Figure 4.6 shows the PL emission spectra of Ag-SiO2 NC synthesized via sol gel 

method. The spectra of all samples exhibit similar PL features, consisting of main 

emission band between 545-555 nm for pure SiO2 and 548-562 nm for Ag-SiO2 NC at 

various wavelengths, namely 555, 545, 567, 677 and 445 nm for Ag20, Ag40, Ag60 Ag80 

and Ag100, respectively. The PL emission spectra are shifted to larger wavelength with 

an increase in the amount of AgNPs in the samples as shown in Figure 4.6. This red shift 

is attributed to the increase in the amount of AgNPs. 
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     The PL spectra in Figure 4.6 show various intensities for each sample. The sample of 

Ag100 displays the highest PL intensity. This is followed by other samples. The increase 

in the amount AgNPs increases the PL intensity of the respective samples. This shows 

that the quantum efficiency of Ag-SiO2 NC is greatly dependant on the amount of added 

AgNPs. 

 

 

 
 

Figure 4.6:  Photoluminescence spectra of real permittivity of (a) pure SiO2 

and Ag-SiO2 NC samples at different filling fraction (b) Ag20 (c) Ag40 (d) 
Ag60 (e) Ag80 and (f) Ag100. 
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4.3  Morphology Studies 
 

 

4.3.1    Morphology of AgNPs 
 
 
     The morphological studies for AgNPs was performed and detailed by Field Emmision 

Electron Scanning Microscope (FESEM) and Transmisson Electron Microscope (TEM). 

The image obtained from FESEM and TEM micrograph clearly indicates that the AgNPs 

are almost spherical in shape and monodisperse with most particles are well distributed 

having a size range between 25–50 nm.  Figure 4.7 and Figure 4.8 represent the images 

from FESEM while Figure 4.9 and Figure 4.10 are shown at higher resolution of  0.05 

nm which is obtained from TEM. It is clear that the shapes of the particles are spherical 

and well dispersed. The size distributions of the particles are measured and shown in 

Table 4.2.   

 
 

 
 

Figure 4.7:  High resolution of FESEM images of  
AgNPs with 159 K times magnification 
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                            Figure 4.8.  High resolution of FESEM images of       
                                         AgNPs with 50 K times magnification 
 
 
 
 
 
 
 

 
 

Figure 4.9:  High resolution of TEM images of AgNPs with 50 nm range 
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Figure 4.10:   TEM images of AgNPs with 100nm range 
 
 
 
 
 
 

 
 

Figure 4.11:  Histogram chart of particle size distribution of AgNPs. 
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Table 4.2: Distribution of  AgNPs nanoparticles. 

 
Particle size 
distribution 

(%) 

Particle size 
(nm) 

 
Total 

5 0-10 4 

11 11-20 9 

23 21-30 18 

58 31-40 46 

8 41-50 6 

 
 

    The TEM images indicate that the AgNPs are present in the crystalline state, spherical, 

discrete and homogeneously dispersed with a mean diameter size of 30 nm. This shows 

that the aggregation process occurs at a slow rate with the release of free energy during 

the nucleation process via particle surface, which reduces the activation energy barrier 

during nucleation (Cai et al., 1998; Pal et al., 2006). The AgNPs are very stable which 

shows that the activation energy barrier for nucleation has been reduced by the releasing 

of free energy during the synthesis process. Because of this, the nanoparticle colloidal 

solution can be used directly for further characterizations and analysis without the 

separation from the solution (Kim et al., 2001; Zang et al., 2007). 

 
4.3.2   Morphology of Ag-SiO2NC at Various Filling Fractions 
 
     The morphological samples for pure SiO2 and Ag-SiO2 NC were examined using 

Transmission Electron Microscope (TEM). The solid Ag-SiO2 NC contained a 

combination of amorphous and crystalline phases of  SiO2, embedded with  AgNPs. 

Figure 4.12 shows the surface for pure SiO2 system, which was formed after the 

hydrolysis process with ethanol. The surface appears amorphous and crystalline state with 

definite boundaries. This combined structures are illustrated in the following Figure 4.13.  
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Figure 4.12.  TEM image of  pure SiO2.  
 

 
 
 

 
 
 
 

Figure 4.13: (a) Schematic of proposed structure of porous silicon. Porous silicon 

contains nanoscale wire and nanocrystallite regions, as well as amorphous silicon and 

oxide (Arun 1996) (b) is the TEM image of SiO2. 
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     The complex sponge of interconnecting layers of SiO2 nanostructures in Figure 4.12 

is the result from the hydrolysis process. The nanostructures range from atomic silicon 

up to pieces that can be considered as bulk silicon. The convolution network of the 

nanostructure as shown in Figure 4.13 gives the optical and electronic properties in 

different behaviors for the nanocomposite.  

 
 

     The TEM images in Figure 4.14 until Figure 4.18 reveals that the Ag-SiO2 NC 

nanostructures shows an apparent transition from discrete AgNPs into a percolation 

network as the increase in the filling fraction. It can be seen that the AgNPs embedded on 

the surface of SiO2 matrix are well separated, spherical and homogeneous. A gradual 

decrease in the interparticle spacing was observed with the increasing filling fraction.    

      

     This suggests the absence of additional aggregation or agglomeration and proves the 

decrease in the distance between the particles. The AgNPs are seen mono-dispersed and 

homogeneous. The average size distributions are measured from the enlarged images of 

TEM  which is 4 nm to 5 nm. This average size agrees with a previous work which 

confirm the size and distributions of AgNPs in the SiO2 nanostructures (Jasiorski, 2014). 

As the ratio of Ag/SiO2 exceeds the optimum filling fraction (Ag60), the inter-particles 

distance becomes indefinite. 
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Figure 4.14: TEM images of Ag-SiO2 NC at a lower filling fraction (0.2) 
 
 
 

 

 
 

            Figure 4.15: TEM images of Ag-SiO2 NC at a low filling fraction (0.4) 
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         Figure 4.16: TEM images of  Ag-SiO2 NC at optimum filling fraction (0.6) 
 
 
 
 
 

 
 
 

Figure 4.17: TEM images of  Ag-SiO2 NC at higher filling fraction (0.8) 
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            Figure 4.18: TEM images of  Ag-SiO2 NC at highest filling fraction (1.0) 
 

 
 
 
     Further analysis on the TEM images for the filling fraction of 4.0 is shown in Figure 

4.19 which indicates that the mean size of particles is 5 nm and the mean inter-particle 

distance of AgNPs is 15 nm which indicates that the AgNPs are well dispersed and 

isolated. As the filling fraction is increased to 0.6 ratio, apparent reduction in the 

interparticle distance is observed as shown in Figure 4.20 with the mean size of particles 

and the average inter-particle distances are 6 nm and 10 nm, respectively. The TEM 

images in Figure 4.21 shows that the Ag-SiO2 NC nanostructures of filling fraction 1.0 

where the SiO2 nanostructures are surrounded and packed by AgNPs with inter-particle 

indefinite spacing (Figure 4.20 (b)) with the mean size of the particles remains the same. 

The morphological studies supports the peak shift as revealed in the SPR absorption 

peaks. 
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Figure 4.19: Morphological image shows the average inter-particle distance 

between AgNPs on the surface of  SiO2 nanostructure for filling fraction Ag40 is 

15 nm in (b) (ε1 = 2.3). (a) The small particles with the average size of 5 nm 

dominated by the surrounding SiO2 nanostructures. 
 
 
 
 

 
 

 
Figure 4.20: Morphological image shows the average inter-particle distance 

between AgNPs on the surface of SiO2 nanostructure for filling fraction of Ag60 is 

10 nm (b) (ε1 = ‒ 0.75). (a) The small particles with the average size of 7 nm 

dominated by the surrounding SiO2 nanostructures. 
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Figure 4.21:  Morphological image shows the average inter-particle distance 

between AgNPs on the surface of  SiO2 nanostructure for filling fraction of Ag100 

is less 2 nm (b)  (ε1 = ‒ 1.1). (a) The small particles with the average size of less 

than 2 nm dominated by the surrounding SiO2 nanostructures. 

 
 
 
4.4  Permittivity Studies 
 
 
    The permittivity of the dielectrics properties was obtained directly from Spectroscopic 

Ellipsometry (SE) (HORIBA, Model : MM16 System, France) measurement from two 

independent parameters ψ and ∆, known as the ellipsometric angles which represent the 

amplitude ratio and phase difference between the light waves, or also knows as the p and 

s polarized light waves. The dielectrics properties were analysed by Spectroscopic 

Ellipsometry (SE) which uses oscillator model to analyse the optical values from the 

measurements of the ellipsometric angles.  
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     The spectra for real permittivity/dielectric constant εr at constant concentration and 

various filling fractions samples of Ag20,  Ag40, Ag60, Ag80 and Ag100 are shown in 

Figure 4.22. The filling fraction determines the magnitude of the dispersion or the 

magnitudes of oscillating dipoles induced by light radiation onto the isolated AgNPs in 

the nanostructure. (Cha et al., 2016). The spectrum of all filling fraction shows a decrease 

toward negative permittivity along the visible region compared to the host dielectric 

values. Samples with the filling fraction of Ag20 and Ag40  have a weaker dispersion 

while the other fractions of Ag80 and Ag100 show stronger dispersions. Whereas, for the 

filling fraction of Ag60, the dispersion pattern are almost stable as ageed in calculated 

data as Figure 4.23. The results indicate that the filling fraction determines the magnitude 

of the dispersion or the magnitudes of oscillating dipoles induced by light radiation onto 

the isolated AgNPs in the nanostructure. This could be the mechanism to determine the 

optimum filling fraction for the nanocomposite. Previous theoretical studies have shown 

that at a higher filling fraction of spherical metal nanoparticles to the substrate surface is 

the main reason for the strong dispersion in the polarizability of the ellipsometric angles 

where the inter-particle distance is smaller compared to the diameter size of the particles. 

This effect is due to the inter-particle plasmonic coupling phenomenon within sub-

nanometer distances between the metal nanoparticles on the substrate surface (Xu et al., 

2006 ; Su et al., 2003). 

 

     Figure 4.23 shows the effective permittivity pattern of nanostructures from all filling 

fractions which were calculated from Eq 2.6 (Maxwell Garnett equation) using the 

experimental properties of AgNPs and SiO2.  It can be observed that the curves are 

moving towards negative permittivity with the increase in the filling fraction of Ag/SiO2. 
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Figure 4.22: Spectra of the Ag-SiO2 NC experimental effective permittivity for all 

samples, a) SiO2 , b) Ag20 c) Ag40, (d) Ag60, (e) Ag80 and (f) Ag100. The 

dielectric constant decreases as the increase in the mass ratio. Strong dispersion 

occurs in Ag80 and Ag100 filling fraction.  

 

 
Figure 4.23: Spectra of the calculated values of effective permittivity from 

Maxwell Garnet equation using experimental data of AgNPs and SiO2. 
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     SE technique (HORIBA system) is also used to estimate the thickness of the thin film 

as shown in Table 4.3. The thickness of Ag-SiO2 NC increases with the increase in the 

amount of AgNPs in the nanocomposite. The thickness of ITO is not affected throughout 

the EPD process. The thickness is calculated based on the formula; 𝛽 =

2𝜋 (
𝑑

𝜆
) 𝑛1 𝑐𝑜𝑠 ( 𝜙1)  Where; β is the phase shift between two successive rays. 

 
 
Table 4.3 : Sample thickness and optical properties at  λ= 848 nm 
 
 Thickness (nm) n 

Sample Ag-SiO2 NC ITO (λ = 848 nm) 
 

0.2 
 
 

971.77 ± 2.33 215.30 ± 2.5 1.45 
 

0.6 
 

1026.87 ± 2.53 215.30 ± 2.5 1.28 

1.0 1381.64 ± 2.31 215.30 ± 2.5 1.08 

Pure SiO2 731.42 ± 2.81 215.30 ± 2.5 1.84 

 
 

 

     Figure 4.24 summarizes the refractive index spectra  of all filling fractions.  The 

refractive index of the nanocomposite was obtained from the ellipsometric measurement. 

The Ag-SiO2 NC nanostructure with a filling fraction of 0.6 possesses the lowest 

refractive index at 750 nm as shown in Figure 4.24. The refractive index spectra for all 

filling fractions show a decrease with the increase in the amount of AgNPs within the 

nanocomposite. The variation of filling fraction between AgNPs and silica nanostructures 

within the composite is the main factor which enables the tuning of the optical properties 

of the nanostructures. This is due to the role of AgNPs as the meta-atoms in the material 

polarizability magnitude (Cha et al., 2016). The refractive index of the thin film is from 

0.27 to 1.84 in the spectral range of 50-850 nm. On the contrary, the spectral extinction 

coefficient (k) of the composite is relatively small. This is due to the absorption factor of 
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AgNPs which is greater than other metal nanoparticles. It describes the energy loss in the 

wave within the material which will determine the amount of attenuation as the 

electromagnetic wave propagates through the material. It also indicates how fast the 

incident light vanishes in a material due to absorption. The strong interaction of the 

AgNPs with light irradiation initiates the conduction of electrons on the metallic surface. 

The electrons on the nanoparticle surface undergo collective oscillations when excited by 

visible light (SPR effect) which results in an unusually strong scattering and absorption 

properties (Merlin et al., 2009).  

 
 
 
 

 
Figure 4.24: Spectra for refractive index for all filling fraction. All filling 

fractions shows a decrease in the refractive index with the increase in filling 

fraction. Where SiO2, Ag20, Ag40, Ag60, Ag80 and Ag100 for (a), (b), (c), (d), 

(e), and (f) respectively. 
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     Figure 4.25 shows that the real permittivity (εr) at 750 nm for the filling fraction of 

Ag20 is 2.28, with a refractive index of 1.39 as shown in Figure 4.26. At the same 

wavelength, the real permittivity (εr) is ‒ 0.88 with a refractive index of 0.90 in Figure 

4.27 and Figure 4.28  respectively, for a filling fraction of Ag60. The real permittivity (εr) 

of the filling fraction of Ag100 is  ‒1.50 with a refractive index of 1.06 as in Figure 4.29 

and Figure 4.30, respectively. This shows that the randomly distributed nanoparticle is 

tunable with consistent optical properties, effective near-field effect and polarizability in 

the nanostructures, with good results for a specific filling fraction, as summarized in table 

3. This result agrees with a previous work which estimated that 2/3 of the filling fraction 

conforms to the MG model. The static polarizability oriented to the inter-particle axis 

customized the bonding and nonbonding interaction which causes the near field inter-

particle coupling (Moiseev et al., 2011; Jain et al., 2007; Rechberger et al., 2003). 
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Figure 4.25:  Real permittivity spectra for filling  fraction Ag20. 

 

 
Figure 4.26:  Refractive index and Extinction coefficient spectra for 

filling  fraction Ag20. 
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Figure 4.27:  Real permittivity spectra for filling  fraction Ag60. 

 

 

 
Figure 4.28:  Refractive index and Extinction coefficient spectra for filling  

fraction Ag60. 
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Figure 4.29:  Real Permittivity spectra for filling  fraction  Ag100 

 

 

 
Figure 4.30:  Refractive index and Extinction coefficient  spectra for filling  

fraction Ag100 
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Table 4.4: Characteristics of  Ag-SiO2 NC at various filling fraction (λ= 750 nm) 
 

Filling 
fraction 

SPR λmax 
(nm) 

εr 
(Experimental) 

εr 
(calculated) 

n Interparticle 
distance (nm) 

0 - 3.74 3.08 1.81 - 

0.2 456 2.28 2.24 1.39 15 

0.4 455 1.40 1.13 1.32 - 

0.6 453 -0.88 0.27 0.90 10 

0.8 447 0.19 -0.47 1.33 - 

1.0 435 -1.50 -1.13 1.06 < 5 

 
 
 
 
     The summary of the results are shown in Table 4.4. As the filling fraction of the AgNPs 

increases in the matrix, it leads to the dielectric and optical changes in the samples. This 

is due to the decrease in the average inter-particle distances. The decrease greatly 

enhances the dipole moment of the spherical AgNPs by excitation of the SPR that causes 

strong collective dipolar interactions between the AgNPs. The strong dipolar interactions 

in turn affects the linear and non-linear optical properties of the Ag-SiO2 NC (Shalev, 

2002 ; Bohrn et al, 1983; Marton et al, 1971;Xu et al, 2005). In this work, Maxwell-

Garnett effective medium theory is used to describe the optical properties of the AgNPs 

in the nanocomposite and its dependence on the AgNPs filling factor. The theory might 

not correctly show the multipolar interactions between the nanoparticles (Markel et al., 

1991; Markel et al., 1996) but it well describes the changes of dielectric properties and 

can be used to understand the effect of the metal filling fractions (Shalev, 2002). 
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CHAPTER FIVE: 

STRUCTURAL, THERMAL AND ELECTROCHEMICAL STUDIES 

 
 
 
5.1 Introduction 

 
 

     This chapter presents the results of  thermal, structural and electrochemical properties 

of  Ag-SiO2 NC at various filling fraction. The aim of this chapter is to further characterize 

the optimum filling fraction of the Ag-SiO2 NC. Thermal studies were performed by the 

Differential Scanning Calorimetry (DSC) and Thermogravimetric analysis (TGA), while 

electrochemical studies were performed by Electrochemical Impedance Spectroscopy 

(EIS). 

 
 
5.2   Thermal Studies 
 
 
5.2.1 Differential Scanning Calorimetry Analysis (DSC) 
 
 

     The thermal studies of pure SiO2 and Ag-SiO2 NC all samples were carried out using 

Differential Scanning Calorimetry (DSC). There is a single peak observed in all figures. 

Figure 5.1 shows the DSC curve for both pure SiO2 and Ag20 for comparison. The graph 

depicts a strong endothermic peak which falls within 50 ºC to 140 ºC. The melting 

temperature, Tm obtained for SiO2 at 108.7 °C agrees well as reported in pervious 

literature (Ding et al., 2020). The nanostructured Ag-SiO2 NCs for sample ID Ag20 

showed a lower endothermal peak at 105.10 ºC, while the strongest peak belonged to pure 

SiO2 as seen at 108.7 ºC.   
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    The lower endothermal peak was caused by the enhancement of volume fraction of the 

amorphous phase, which favours the AgNPs transport and thus improve the conductivity 

of the nanostructure (Martinez et al.,2005). The results of the thermal analysis shows that 

the ∆Hm values for silica is -91.06 J/g and Ag20 is -90.20.4 J/g.  

 

 The values of relative crystallinity (χc) for all samples were calculated using the 

formula (Mohan et al., 2007); 

o
m

m

H

H




=

100sample

c  

Whereby the pure SiO2 was taken as 100% in crystalline and sample
mH  is the melting 

enthalpy value of the sample while o
mH  is the value for melting enthalpy of pure SiO2 

(325 Jg-1) (Jiang et al., 2018). 

 

      
 

Figure 5.1: DSC thermogram for pure SiO2 and Ag20. 

 
 

(5.1) 
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       In Figure 5.2, the sample ID Ag40 shows a decrease of the endothermic peak from  

50 ºC to 104 ºC and the decrease in ∆H values from -90.20 J/g to -57.36 J/g. The transition 

of melting temperature in all samples is due to the increase of the amount of AgNPs in 

the nanostructure. The addition of nanoparticles to the host matrix nanostructure may 

contribute to the lowering of Tg and Tm by increasing the volume fraction of the 

amorphous phase caused by the modification of the host matrix.  

 

 
 

Figure 5.2: DSC thermogram for pure SiO2 and Ag40. 

 
 
     Figures 5.3, 5.4 and 5.5 shows the same pattern of the decrease in Tm values of the 

other samples ID of Ag60, Ag80 and Ag100 at 102.17 ºC, 93.7 ºC and 91.6 ºC 

respectively. The decrease in ∆H values are shown as -55.32 J/g, -28.20 J/g and -27.9 J/g 

respectively for the rest of sample IDs. 
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Figure 5.3: DSC thermogram for pure SiO2 and Ag60. 

 

 
 

Figure 5.4: DSC thermogram for pure silica and Ag80. 
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Figure 5.5: DSC thermogram for pure silica and  Ag100. 

 

 

Table 5.1: Thermal properties of pure SiO2 and Ag-SiO2 NCs. 

 

Sample Tg 

(°C) 

 
Tm 

(°C) 
 

 
∆H 

(J /g) 
 

χc 
(%) 

 

Silica 

 

35.20 

 

108.7 

 

-91.06 

 

28.0 

Ag20 35.20 105.10 -90.20 27.20 

Ag40 34.20 104.30 -57.36 17.90 

Ag60 33.82 102.17 -55.32 17.20 

Ag80 33.82 93.70 -28.20 9.60 

Ag100 34.10 91.60 -26.40 8.60 
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     It is obvious from the Table 5.1 that the Tg, Tm,  ∆H  and χc shows a decrease due to 

the presence of AgNPs in the nanocomposite. The changes are due to the increase of 

volume fraction of the amorphous phase in the nanostructure. It is clear that the 

incorporation of AgNPs decreases the intensity of the endothermic peak of the 

nanostructure and changes in the melting endotherm was observed, indicating that the 

combination of AgNPs into the nanostructure has developed a new melting characteristic 

(Bandi et al., 2006).   

 

    This is because as the amount of nanoparticles increase, the free volume becomes lower 

and creates numerous capillary effects on the evaporation temperature according to the 

amount of AgNPs present in the nanostructure. Table 5.1 reveals that AgNPs facilitates 

the crystallization of Ag-SiO2 NC as a result of an increase in crystallinity. It should be 

pointed out that all samples IDs show the same trend. As for the significant change in ∆H 

of Ag20 to Ag40 and Ag60 to Ag80 compared to Ag40 to Ag60 and Ag80 to Ag100, this 

is due to the enhancement of conductivity.   Therefore, AgNPs promote the crystallization 

process in the SiO2 matrix.  These observations clearly suggest that a major contribution 

to the conductivity enhancement comes from the structural modifications associated with 

the effects mentioned above (Hilonga et al., 2009). 

 
 
5.2.2  Thermogravimetri Analysis Studies (TGA) 
      

     Figures 5.7 to 5.11 shows the typical weight loss (TGA) and derivatives of weight loss 

(DTG) curves of both samples while Figure 5.6 is the curves for the pure SiO2. The 

degradation of all samples occurs in a single step starting at 90 °C and ending at 300 °C 

for the Ag-SiO2 NC and for SiO2. From the TGA curves, the values for the final 
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decomposition temperatures are determined. The decomposition temperature is 

determined from the DTG curves. As shown in Figure 5.6, the mass loss for pure SiO2 

begins at 97.30 °C and reaches maximum at 252.40 °C. The pure SiO2 decomposes at 

207.40 °C as reported in previous literature (Sen et al., 2015). 

 

     Figures 5.7, 5.8, 5.9, 5.10 and 5.11 show the TGA-DTG results of samples ID Ag20, 

Ag40, Ag60, Ag80 and Ag100 respectively. All figures revealed single weight loss 

region. The single region originates from the decomposition of SiO2 which agrees well 

with the previous work (Sen et al., 2015). The temperature recorded for the other samples 

varies according to the amount of AgNPs incorporated into the nanostructure of the host 

matrix. The weight loss region could be ascribed to the loss percentage of adsorbed water 

and the residual of organic solvent (Yao et al., 2007). The weight loss could also be 

related to the phase transition from a crystalline to an amorphous nanostructure. All 

samples with various filling fraction of Ag/SiO2 begin to melt at 97 °C and the system is 

no longer stable.  

 

     The result of temperature values and percentage of weight loss are summarized in 

Table 5.2. It can be seen that the total weight loss are slightly decreased and the initial 

decomposition temperature also decreases with the increase in the amount of AgNPs. This 

indicates that the stability of the nanocomposite increases with the amount of AgNPs. 
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Figure 5.6: TGA-DTG curves for pure SiO2 
 
 
 

 
Figure 5.7: TGA-DTG curves for Ag20 sample 
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Figure 5.8: TGA-DTG curves for Ag40 sample 
 
 
 
 

 
 

Figure 5.9: TGA-DTG curves for Ag60 sample 
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Figure 5.10: TGA-DTG curves for Ag80 sample 

 
 
 

 
 

Figure 5.11: TGA-DTG curves for Ag100 sample 
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Table 5.2: Temperature values and percentage of weight loss and decomposition for Ag-

SiO2 NC samples at various volume ratio. 

 
 

Sample 

Initial  
weight loss 
temperature 
(<100 °C) 

 
Final 

weight loss 
(%) 

 

 
Decomposition 

temperature  
(>100 °C) 

 

Total 
Weight loss 

(%) 

 

Pure SiO2 

 

97.30 

 

96.40 

 

207.4 

 

96.40 

Ag20 99.50 96.20 219.2 96.2 

Ag40 98.20 87.10 188.40 87.10 

Ag60 97.10 86.90 186.40 86.90 

Ag80 110.9 85.50 183.30 85.50 

Ag100 108.23 82.10 169.40 82.10 

 
 

 
 
5.3  Structural Studies 
 
 
 
5.3.1   X-Ray Diffraction (XRD) Analysis 
 
 
     Figure 5.12 shows the XRD patterns of SiO2 and Ag-SiO2 NC. The bump with a broad 

diffraction pattern at 2θ = 23º, similar for all samples is attributed to the amorphous 

structure of SiO2 in the nanocomposite. The Ag-SiO2 NC exhibit four well-resolved 

diffraction peak. The weak signal indicates the area dissipation of the AgNPs embedded 

into the surface of the silica nanostructure. The diffraction peak is only observed in the 

sample of optimum filling fraction.  The four clear peaks at 2θ = 38º, 44º, 64º and 77º 

correspond to the AgNPs planes of 111, 200, 220 and 311(Liu et al., 2014). The mean 
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size of the AgNPs (9.4 nm) embedded in the SiO2 NPs was calculated using the Scherrer 

equation and is in good agreement with the size estimated from the TEM images. The 

Scherrer formula is as follows: 

                                                                                                                                                                                                           

D = 
0.9 λ

β cos θ
                                                                  (5.2) 

 
Where D is the diameter of NPs related to the full-width at half maximum (FWHM), λ is 

the X-ray wavelength (0.1540 nm), β is the width at half-height of the diffraction peak of 

the nanoparticles/nanocomposite and θ is Bragg angle (degrees). 

 

 
Figure 5.12:  XRD patterns of SiO2 and Ag/SiO2 nanostructure for all 

filling fraction. Ag/SiO2 exhibits the four well-resolved diffraction peak in 

the filling fraction of 0.6, 0.8 and 1.0 as shown in the top three pattern. 

 

 

 
5.3.2   Fourier Transform Infrared (FTIR) Spectroscopy Analysis 
 
     Figure 5.13 presents the FT-IR spectra of the Ag-SiO2 NC at various filling fractions. 

The observed peaks at 1053.34 cm-1, 958.67 cm-1  and 788.46 cm-1 are the signature bands 

of the SiO2 based on the symmetric and assymetric vibrations of the Si-O-Si bond. A 
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similar result was also reported (Racles et al., 2013) where the Si-O-Si vibrations occur 

between 1100 cm-1 and 470 cm-1. SiO2 nanoparticles also show peaks between 3327.21 

cm-1 and 3404.21 cm-1 due to the stretching of –OH group in the nanostructures (Ibrahim 

et al., 2011). The presence of AgNPs in the SiO2 network is assessed by the stretching of 

the Si-O-Ag at 1656 cm-1 and a similar spectra was also obtained in other work (Duhan 

et al., 2010), where the vibration occured at 600 cm-1 and 1385 cm-1. From the FTIR 

spectral analysis, the main advantage of SiO2 nanostructures is its chemical inertness and 

the optical transparency towards the AgNPs which enables the spectroscopic monitoring 

of chemical reactions. Its particle surface can be also used to modulate the intensity of the 

AgNPs surface plasmon resonance bands, which influences the optical properties of the 

nanocomposite (Bahadur et al., 2011). Figure 5.14 shows the transmittance spectra of 

pure SiO2 compared to the optimum filling fraction of Ag60 sample. 

 
 

 
 

Figure 5.13: Transmittance spectra of pure SiO2 (a) and all samples for Ag-SiO2 NC 
with different Ag filling fractions ( b-f) 
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Figure 5.14: Transmittance spectra of pure SiO2  signature peak and 

the Ag60  of Ag-SiO2 NC  

 
 
 
 
5.3.3   Surface Enhanced Raman Spectroscopy (SERS) Analysis 
 
 
     Figure 5.15 (a) shows the normal Raman spectra of SiO2 and Ag-SiO2 NCs at the 

optimum filling fraction (Sample ID: Ag60). The five laser excitations at 295 cm-1,  485 

cm-1, 561 cm-1, 953 cm-1 and 987 cm-1 indicate the presence of the SiO2 NPs. The bands 

at 485 cm-1 and 561 cm-1 are ascribed to the O-Si-O symmetric stretching vibrations. The 

bands at 953 cm-1 and 987 cm-1 are associated to the Si-O stretching region at higher 

frequencies, is blue shifted by 105 cm-1 and 74 cm-1, respectively, due to scattering of the 

inhomogeneous SiO2 nanostructures. There are no significant laser excitation seen for 

Ag60 in Raman spectra (Khan et al., 2016 ; Lee et al., 2018).  
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Figure 5.15: Spectra of (a) Normal Raman Scattering and (b) SERS 

spectrum for SiO2 and Ag-SiO2 NC. 

 
 
 
 
     Figure 5.15 (b) is the SERS spectrum of 4-ABT absorbed onto the AgNPs inter-particle 

junctions which are represented by several predominant peaks at 1183 cm-1, 1428 cm-1 

and 1471 cm-1. These signals are attributed to the modes assigned to the b2–type ring, 

which refers to the presence of a non-symmetric vibration related to the chemical 

enhancement mechanism. The low intensity bands at 1119 cm-1, 1229 cm-1 and 1612 cm-

1 is due to the a1–type ring symmetric mode vibrations.  

     The excitation of the bands is due to the SPR of AgNPs and destructive interference 

which co-enhances the local electromagnetic mechanism (Kim et al., 2011; Kim et al., 

2012). The 1183 cm−1 band is assigned to the C-S stretching mode b2-type (7a) is red-

shifted by 37 cm-1. The 1428 cm-1 band assigned to the C-C stretch and C-H bending 

mode b2–type (19b) is red-shifted by 26 cm-1. The 1471 cm-1 band assigned to the C-C 

stretch and C-H bending mode b2–type (19b) is red-shifted by 34 cm-1. The 1119 cm-1 

band assigned to the C-S stretching mode a1-type (7a) is red-shifted by 39 cm-1. The 1229 

cm-1 band assigned to the C-H bending mode a1–type (9a) is red-shifted by 28 cm-1. The 
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1612 cm-1 band assigned to the C-C stretching mode a1–type (8a) is red-shifted by 29 cm-

1 (Suzuki et al., 2016). Table 5.3 summarizes the stretching and bending modes of the 

spectra. The red-shift of all bands is due to the geometry of the substrate since the pH 

only affects the intensity of the bands (Xie et al., 2014). 

 

Table 5.3: Peak positions for 4-ABT on Ag-SiO2 NC from Figure 5.15 (b) 
and their assignments.  

 
 

SERS on 4-ABT 
  

 
Assignments 
 
   

1183 cm−1 

1428 cm-1 

1471 cm-1 

1119 cm-1 

1229 cm-1 

1612 cm-10 

 
C-S stretching mode b2-type (7a) 

C-C stretch and C-H bending mode b2–type (19b) 

C-C stretch and C-H bending mode b2–type (19b) 

C-S stretching mode a1-type (7a) 

   C-H bending mode a1–type (9a) 

   C-C stretching mode a1–type (8a) 

 
 

     Figure 5.16 shows the SERS pattern of the sample with optimum filling fraction 

(sample ID: Ag60) with various intensity peaks at different pH values at room 

temperature. The predominant vibrational signals are observed at 1108 cm-1, 1224 cm-1, 

1336 cm-1 and 1608 cm-1 due to the a1–type vibration mode, while the bands at 1177 cm-

1, 1423 cm-1 and 1463 cm-1 are due to the b2–type vibration mode. The broad spectral 

characteristics of acidic samples are likely caused by the spectral overlapping of 

inhomogeneously broadened vibrational signatures that originate from the aggregation of 

the nanoparticles (Herrera et al., 2013). The 4-ABT spectrum obtained with Ag-SiO2 NC 

shows good enhancement in the basic environment. The intensity of the SERS signal 

varies as the pH increases. Herrera et al. found that the b2-type bands of 4-ABT are very 
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weak or negligible in acidic medium, but are strong at basic pH from the interactions with 

the AgNPs (Uetsuki et al., 2010). This is due to the instability of the resonating structures 

of the aniline group in the 4-ABT compound in the acidic medium. The combination of 

hydrogen ion with the amine group in 4-ABT at lower pH affects the a2-type and b2-type 

bands of 4-ABT. This weakens the electromagnetic enhancement (EM, a1-type band) and 

chemical enhancement (CM, b2-type band) at lower the pH. Figure 5.16 confirm that the 

SERS signal is tunable by alternating the pH values between 9.4 and 12.6. 

 
 
 
 

 

Figure 5.16: Spectra of SERS for Ag-SiO2 NC optimum sample (Ag60) at different pH. 
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5.3.4   Zeta Potential (ZP) Analysis 

     The stability of  AgNPs and Ag-SiO2 NC particles suspension in their colloids 

solutions is important to ensure there are well disperse in their colloids solution. Zeta 

Potential measurements are significant to determine the stability.   The ZP measurement 

is based on the potential at the surface of shear. It refers to the plane surface of the 

particles and the dispersion media. The potential exists due to the discrepancy in fermi 

energy of the particle and the electrolyte. Table 5.4 shows the values of zeta potential for 

AgNPs and Ag-SiO2 NC at various filling fraction (Ag20, Ag40, Ag60, Ag80 and 

Ag100). It was observed that the AgNPs is stable having the ZP values in the range of -

29.0 mV to -36.3 mV. Higher ZP values are more desirable for stable suspensions. It 

shows that Ag-SiO2 NC is more stable as the amount of AgNP increased. 

 

Table 5.4: Zeta Potential for AgNPs and Ag-SiO2 NC 

Particle 

 
Zeta Potential 

(mV) 
 

 
Mobility 

(μmcm/Vs) 

 
AgNP -29.0 

 
-2.27 

 
Silica 

 
-34.1 

 
-2.67 

 
Ag20 

 
-29.4 

 
-2.31 

 
Ag40 

 
-33.9 

 
-2.66 

 
Ag60 

 
-33.6 

 
-2.63 

 
Ag80 

 
-37.3 

 
-2.93 

 
Ag100 

 
-36.3 -2.85 
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5.4   Photoelectrochemical Studies 
 
 
     The synthesized Ag-SiO2 deposited on the ITO by Electrophoresis Deposition (EPD) 

method was investigated for its photoelectrochemical water splitting characteristics using 

Linear Scan Voltammetry (LSV) method, in 0.5 M NaOH at a scan rate of 50 mV s-1 

under dark and simulated solar irradiation of AM 1.5 G (100 mW cm-2). The I-V plot for 

all samples is presented in Figure 5.17 which shows that photoactivity commences at 

slightly negative potential with respect to the Ag/AgCl reference electrode. As the 

potential increases to the positive region, a steady increase in the photocurrent is observed 

for all samples indicating the n-type nature of thin film and photoanodic behavior against 

counter electrode.  

     It can be seen in Figure 5.17 that the samples of Ag-SiO2 NC thin film electrode 

generates a photocurrent density of 0.38 mA cm-2 under illumination conditions at a bias 

potential of +0.53 V for Ag100 and followed by the rest of the samples with a bias 

potential of +1.0V (Ag20), +0.9V (Ag40), +0.92V (Ag60), +0.82V (Ag80). The curve 

trend for Ag100 which is at Figure 5.17 (e) differ from the rest of the samples as it 

contained with the highest filling fractions of AgNPs. This catalytic performance is 

probably due to the SPR effect (Liz-Marzan et al., 2006; Chen et al.,2010).   

 

    It is obvious that the various amount of AgNPs presents in the nanostructure controls 

the enhancement of the light trapping in the thin film which is characterized by the 

plasmonic properties of the metal nanoparticles (Kumar et al., 2013; Yoon et al., 2010).  

Thus, the presence of AgNPs on semiconducting SiO2 nanostructure not only enhances 

the area of the surface but it also enhances the electro-chemical stability of the 

nanocomposites, improve the conductivity and the photocatalytic activity (Zheng et al., 

2008). 
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Figure 5.17: Current-Voltage (I-V) plot for all samples fabricated as thin 

film deposited on ITO and immersed in 0.5 NaOH simulated with AM 

1.5G illumination of 100 mW cm2 at a scan rate of 50 mV s-1. 

 

 
Figure 5.18: Current-Voltage (I-V) plot for sample ID Ag60 

fabricated as thin film deposited on ITO and immersed in 0.5 

NaOH simulated with AM 1.5G illumination of 100 mW cm2 

at a scan rate of 50mV s-1. 
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     Figure 5.18 shows the I-V plot for optimum filling fraction sample (sample ID Ag60) 

thin film electrode produce photocurrent density of 1.28 mA cm-2 under illumination 

conditions at a bias potential of +0.92 V as shown in the graph.  The presence of 

photocurrent under the dark conditions is the results of crystal defects and lattice 

mismatch that facilitates temporary storage of electric current which creates 

pseudocapacitor and results in high dark current(Takenaka et al., 2012). 

 

 
Figure 5.19 Nyquist plot obtained for the Ag-SiO2 NC thin film in the 

presence of 0.5 M NaOH at frequencies ranges of under light illumination. 
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Figure 5.20 The Bode angle phase plot of all samples in the 

presence of 0.5 M NaOH at the frequencies ranges of 0.1 Hz to 10 

kHz under light illumination. 

 

 

     The conductivity of the electrode and analysis of charge transfer kinetics in the 

semiconductor electrode/electrolyte interface were studied using Electrochemical 

Impedance Spectroscopy (EIS). The Nyquist and Bode plots were obtained from the EIS 

analysis under the dark and illumination conditions for Ag-SiO2 NC deposited on ITO as 

thin film. Figure 5.19 shows the Nyquist plot of all samples. The semicircle diameters of 

all these plots extend to the lower frequencies which represents the charge transfer 

resistance determine the electronic properties of the electrode. Figure 5.19 also shows that 

the Rct values of the Ag-SiO2 NC thin film decrease upon illumination, which indicate the 

increase in the charge carrier due to low charge transfer resistance in the electrode 

interface and the decrease in the charge recombination. The decrease in the resistance in 

the thin film is due to the increase in the amount of AgNPs in the SiO2 nanostructure (Li 

et al., 2019).  
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     The Bode plots of all samples are shown in Figure 5.20. From the plot, the maximum 

frequency of all samples shift towards lower frequency region under illuminated 

conditions. This is due to the rapid electron-transfer process in the Ag-SiO2 NC thin film. 

The possible process is based on the separation of electron and hole pairs in the Ag-SiO2 

NC films induced by AgNPs, as it plays a role as the redox catalyst and contribute to the 

catalytic reaction (Hu et al., 2018; Guo et al., 2011). 

 
 

 
Figure 5.21. Cyclic voltammetry for all samples under illuminated conditions. 

 

 
     Figure 5.21 shows the cyclic voltammetry for all samples of Ag-SiO2 NC under visible 

illuminated conditions. The deposited Ag-SiO2 NC of all samples were used as the 

photoanode in the electrode of the photo-electrochemical cell. All samples show a 

cathodic (redox) peak at – 0.02 V (vs. Ag/AgCl reference electrode) which is attributed 

to hydrogen evolution (Guitoume et al., 2018). However, there is no obvious oxidation 

peak observed in the anodic current which indicates that the photoanode is stable 

throughout the photo-electrochemical measurement. The obvious cathodic peak is driven 

from the photocurrent due to the reduction of the AgNPs and separation of the excited 

charges of electron-holes pairs at the SiO2 / Ag/ electrolyte interface. 
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     As shown in Figure 5.22, when the AgNPs is irradiated under the illuminated 

conditions, the photo-excitation of the electron-hole pairs is generated in the AgNPs due 

to the effect of LSPR (Tian et al., 2005). These charges are then transferred to the SiO2 

so that most of the charges could be transported to the counter electrode via the ITO. At 

the counter electrode (Pt), the H+ is reduced at the electrode/electrolyte interface and the 

photocurrent is generated (Kazuma et al., 2012). The amount of photocurrent generated 

depends on the amount of AgNPs present in the sample. The weak photocurrent under 

visible light is due to the lattice mismatch of the SiO2 (Paulose et al., 2006). 

 

 

 
 

Figure 5.22: Mechanism of photocatalytic of  Ag-SiO2 NCs under 
illuminated conditions. 
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The photocurrents are generated under illuminated conditions following the  major 

reactions: 

 

Plasmon-excitation at the surface of AgNPs by visible light : 

 

2Ag + hv → 2Ag ( e- + h+)                         (5.3) 

 

 

Excited photo-electrons transfer from AgNPs  to the SiO2 conduction band: 

 

2Ag ( e- + h+) + 2 SiO2  →  2SiO2 (e- ) + 2Ag (h+)                                  (5.4) 

 

The generated photo-electrons transfer from the SiO2 to the counter electrode (Pt) through 

the external circuit via the ITO: 

  

2SiO2 (e- ) + 2Pt → 2 SiO2 + 2Pt (e- )                                   (5.5) 

 

The evolution of hydrogen at Pt electrode: 

  

2Pt (e- ) + 2H+ → H2 + 2Pt                                (5.6) 

 
  

     As from the sequential process shown in Figure 5.22, the photocatalytic process begins 

with the incident photon which excites the Local Surface Plasmon Resonance (LSPR) of 

the AgNPs, which eventually decays to produce the excited electron-hole pair distributed 

over a wide range of energies and an equilibrium state is created between the Conduction 
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Band (CB) and Valence Band (VB) position of the AgNPs and SiO2. The resulting inner 

electric field effectively transfers the photo-generated electrons and holes to the CB of 

SiO2 and VB of the AgNPs. The electrons with higher energy will have the potential to 

move from the excited AgNPs into the vacant states of the nearby molecules of SiO2 

(Hartland et al., 2017). From Figure 4.4, the Uv-Vis spectroscopy shows the estimated 

band gap energy of Ag-SiO2 NC of  2.03 eV  at the optimum filling fraction (Ag60) and 

this justifies the possibility of the electron transfer from AgNPs to the host matrix of  SiO2 

in the nanostructure. Whereas the thermodynamic reversible potential for the hydrogen 

production is Vrev = 1.229 V (Grimes et al., 2007).   The band gap energy of SiO2 is 

estimated as 4.80 eV, this justifies the effective high energy band gap in SiO2 for the 

photocatalytic process, as it decreases the recombination rate of the photo-generated 

charges (Dutta et al., 2016).  
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CHAPTER SIX: 

CONCLUSIONS AND RECOMMENDATIONS  

 
6.1  Overview 

 

     In this research, AgNPs with desired optical properties and Ag-SiO2 NC at various 

filling fraction were successfully synthesized via chemical reduction method and sol-gel 

technique, respectively, followed by Electrophoretic Deposition (EPD) to form Ag-SiO2 

NC film. All samples were characterized using several analytical techniques. The main 

objective of this research was to synthesize AgNPs and Ag-SiO2 NC  at the optimum 

composition of AgNP/SiO2 based on the volume filling fraction. 

 

     As a consequence, the Maxwell Garnett model was used as the Effective Medium 

Theory (EMT) for the volume filling fraction method. Special focus was made to the 

Permittivity studies. The morphologies of the AgNPs and Ag-SiO2 NC were studied using 

TEM while the changes in the optical properties from various volume filling fraction were 

extensively characterized by UV-Vis and PL spectroscopy while the structural changes 

were characterized by XRD, FTIR and Raman Spectroscopy. For further applications, the 

samples were characterized by Impedance Spectroscopy. 
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     In summary, the Ag-SiO2 NC with various filling fractions were successfully 

synthesized by the sol-gel method and deposited onto ITO substrate via the EPD process. 

The structural and optical studies of the Ag-SiO2 NC at various filling fractions were 

investigated and the conclusions are summarized as follows: 

 

(1) All samples of AgNPs and Ag-SiO2 NC measured using TEM technique were 

within a diameter range of 5.00 – 50.00 nm. Most of the AgNPs were in the range 

of 10 to 40 nm. Using the UV-Vis technique, the absorption edge, direct band 

gap and indirect band gap values showed a decrease upon doping with AgNPs to 

the pure SiO2, which was responsible for the changes in the dielectric and optical 

properties which produced the localized states in the optical band gap. 

 

(2) The AgNPs embedded into the SiO2 surface enables the excitation of the 

localized surface plasmon resonance (SPR). Furthermore, UV-Vis results reveal 

that the light absorption from the coupling of photonic and plasmonic modes can 

be modified using the specific filling fraction between the AgNPs and the 

dielectric medium. 

 

(3) The XRD results show that the optimum filling fraction of the AgNPs/SiO2 is 

0.6. At the lower filling fraction, the presence of AgNPs is almost undetected as 

shown in the SPR absorption spectrum. Therefore, an optimum filling fraction of 

0.6 possesses the desired optical property of the nanocomposite. 

 

(4) Thermal analysis using DSC on the highest conducting samples revealed that the 

melting point of Ag-SiO2 NC was around 50 °C – 140 °C. Tm and  Tg decreased 

gradually due to the presence of the AgNPs embedded within the SiO2 
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nanostructure. This phenomenon was due to the enhancement of volume fraction 

of the crystalline state of AgNPs and silica amorphous phase, thus enhanced the 

nanocomposite stability. 

 

(5) The SiO2 nanoparticles used in the synthesis showed excellent dispersion 

properties, due to the chemical inertness towards the AgNPs and is optically 

transparent as characterized by FTIR spectroscopy, thus can be used to modulate 

the intensity of the AgNPs surface plasmon absorption bands. 

 

(6) The effective permittivity of the Ag-SiO2 NC from the ES results is consistent 

with the Maxwell Garnett model at the optimum filling fraction. However, strong 

dispersions were observed at higher filling fractions. The effective permittivity 

and refractive index obtained from this filling fraction are -0.88 and 0.90, 

respectively shows metamaterial properties is obtained. 

 
(7) From the results of PEC studies, Ag-SiO2 NC has a good  electronic properties, 

photochemically stable, responsive to solar-irradiation, having the oxidation and 

reduction potential, exhibit a great response for hydrogen generation. Among all 

samples, Ag60 has the advantage of a  band-gap 2.03 eV and with the highest 

photocurrent density of 1.28 mA/cm2 at bias potential of 0.92 eV for 

photoelectrochemical response and photoconversion efficiency. 
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6.2  Suggestions for Future Work 

 

The results shown in this research have created a path towards a low temperature, 

cost-effective and non-toxic technique the synthesis of Ag-SiO2 NC at an optimum filling 

fraction with a great potential in PEC water splitting.  For future research,a few 

suggestions for further studies: 

 

(1) It may be possible to synthesized the optimum composition of Ag-SiO2 using 

other method at high temperature such as Polymer Pyrolisis Sol Gel for highly 

stable nanostructure. 

 

(2) The success in the synthesis of optimum filling fraction at 0.6 (sample Ag60) can 

be extended by the incorporation of other metal-oxide such as Cuprous oxide 

(Cu2O) for SERS applications and to improve the photocatalytic activities during 

illuminations under UV. 

 

(3) Since the PEC studies on Ag-SiO2 NC is only preliminary, further studies are 

required to improve the stability of the thin films. The evaluation of the stability 

of the films is suggested taking into account the reusability/recyclability of the of 

the thin films during PEC process. 
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