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ABSTRACT 

 

In this thesis, we synthesized porous silica (SiO2) nanoparticles and investigated their 

fluorescence properties. Silica nanoparticles are prepared in aqueous medium using a wet 

chemical synthesis route where cetyltrimethylammonium bromide (CTAB) is used as 

template and structure directing agent during the nanoparticle growth and TEOS was used 

as the precursor. The morphology, size and porosity of the silica nanoparticles were 

characterized by transmission electron microscopy (TEM), dynamic light scattering (DLS) 

and helium (He) pycnometry. The as prepared silica nanoparticles mostly showed slight 

anisotropic shape (near spherical or elongated spherical) with length varying between 40 to 

160 nm and width varying in the range of 30 to 120 nm. Upon calcination of these 

synthesized silica nanoparticles at different temperatures from 200°C to 800 °C, the He 

pycnometry results indicated a gradual decrease in the porosity in the nanoparticles. The 

fluorescence properties of the silica nanoparticles were then investigated by modification of 

the nanoparticle with (3-Aminopropyl) triethoxysilane (APTES). The effect of calcination 

temperature on the fluorescence properties of the silica nanoparticles were investigated 

with various concentrations of APTES and the possible fluorescence source in the silica 

nanoparticles were probed by using X-ray photoelectron spectroscopy (XPS) technique. 

The APTES molecules were found to play an important role in the visible light 

fluorescence from silica nanoparticles by incorporating impurity defects in the silica lattice 

and at calcination temperatures above 600 °C these defects are found to be eliminated from 

the nanoparticles reducing their fluorescence intensity. However, the intrinsic defects in the 

silica nanoparticles were also responsible for fluorescence emission in the blue region. 

Therefore, the origin of the fluorescence in our samples was because of the independent yet 

combined actions of the intrinsic defects already present in the silica nanoparticles and the 

impurities introduced through the calcination of the aminopropyl groups in silica because 

of the surface modification. The results from this study will be useful for the controlled 

preparation of doping free porous and fluorescent silica nanoparticles, which has great 

potential in biomedical field of study as biomarkers and drug delivery agents. 

 

Keywords: Silica nanoparticle; porous silica; surface modification; luminescence; 

lattice defects 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

Nanotechnolgy is the application of nanoscience which is defined as the study of materials 

having at least one of their dimensions in nanoscale region (1-100 nanometers). This field 

is comprised of studies of the manipulation of the matter on an atomic, molecular and 

supramolecular level. Due to their small (nanoscale) size, these particles are able to 

demonstrate novel and somewhat altered physical, biological and chemical properties. Thus 

it can be said, nanotechnology is a multidisciplinary field and it can be interlinked with 

other science fields like physics, chemistry, biology, material science and engineering [1]. 

 

Detailed assessments in nanomaterials may include their physical properties such as size, 

surface area, specific surface area and crystal structure. Chemical properties such as 

molecular structure, surface chemistry can also play a role in assessing the nanomaterials. 

According to the number of dimensions, nanomaterials can be classified into four types: 

zero-dimension (0D) nanomaterials, one-dimension (1D) nanomaterials, two-dimension 

(2D) nanomaterials and three-dimension (3D) nanomaterials [2]. Generally nanoparticles 

can also be classified as carbon based materials (carbon nanotubes and fullerenes), metal 

oxides (silicon dioxide, titanium dioxide, iron oxide), metal (gold nanoparticles, silver 

nanoparticles) and semiconductor matertials (CdS and CdSe) [3]. 

 

Nanoparticles possess high surface area; thus having increased surface reactivity. 

Nanoparticles have a broad range of applications from electronics to medicine to 

transportation, telecommunications, and environment science and so on. Because of the size 

dependent characteristics, these materials can play a positive role in the future technologies 

and can have an influence in our day to day lives. So, variety of nanomaterials are being 

synthesized and developed to meet the expectations such as carbon nanotubes, magnetic 

nanoparticles, quantum dots and silica nanoparticles [4].  

 

In the nanotechnology field, silica nanoparticle is of great importance because of their 

various and unique characteristics such as tunable size (usually from 5 nm to 1000 nm), 

high specific surface area, biocompatibility, adsorption and encapsulation capacity and low 

toxicity [5]. Silica nanoparticles also have excellent mechanical, optical and 

physiochemical properties; making them applicable for the role as nano-fillers, chemical 

sensors and catalysts. The parameters that make the silica nanoparticle prepare for their role 

in these applications are: presence of silanol groups on the surface of the nanoparticle, 

density, optical absorption and emission property [6]. 

 

In the biomedical field, preferred applications are biolabeling, imaging, tracing, 

biocompatibility, easy functionalization and nanoparticle showing fluorescence [7]. Silica 

nanoparticles fulfill all these conditions and thereby are considered as a perfect candidate 

for several biomedical applications. Silica nanoparticles are significant because of their role 

as biosensors [8], nano-carriers for controlled release of drug [9], adsorption and separation 

of proteins and specific protein detection, imaging and so on [10]. 
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Furthermore, porous silica nanoparticles have properties such as: high chemical and 

thermal stability, better compatibility with other materials. These properties make the 

nanoparticles useful for applications in drug delivery [11]. 

 

1.2   Statement of the Problem 

 

Nanoparticles used for the biomedical applications are: fullerenes, carbon nanotube, silver, 

gold, titanium, quantum dots, silica and magnetic nanoparticles. Nanoparticles that can be 

used in drug delivery systems include liposomes, polymeric micelles and different other 

nanoparticles. Liposomes are good candidate in terms of high drug loading but they have 

low structural stability. Titanium nanoparticles have applications as drug delivery systems 

in pharmaceuticals but in vivo toxicity is present in these particles. Gold nanoparticles have 

better optical properties and can work as fluorophores because of their low susceptibility 

towards photobleaching [1]. However, recently a study related to gold and copper nano-

shell particles revealed toxic effects under magnetic resonance imaging [12]. Gold 

nanoparticles are also used in cancer therapy but the imaging process is limited because the 

optical signals from gold nanoparticles are weaker compared to quantum dots (QD) and 

fluorescent dyes. Quantum dots are used in biomedical applications in drug delivery 

systems and in optical imaging process. But the use of quantum dots can have toxicity 

effects [13]. 

 

Therefore, the requirements for nanoparticles in the biomedical applications are: non-

toxicity, biocompatibility and being easily functionalizable. Silica nanoparticles fulfill the 

criteria and are a perfect candidate for the role [14]. Few attempts have been taken in the 

fabrication process of small molecules of functionalized silica nanoparticles exhibiting 

visible photoluminescence. These nanoparticles lack metal activator ions, are affordable 

and are environmental friendly [15]. 

 

Fluorescence imaging is a significant technique which is used for in vivo and in vitro 

biological applications. Generally, fluorophores such as fluorescent dyes, quantum dots, 

and rare earth ions are used for this process [16]. But these fluorophores and rare earth ions 

(terbium, europium) are expensive and possess risk for the environment [17]. These dye 

molecules go through photobleaching under irradiation or excitation light. These dyes have 

a short lifetime. For biolabeling and imaging purpose, silica nanoparticles can be doped 

with these dye molecules or quantum dots. But the synthesis process is very complex and 

requires a lot of time. These processes are also faced with disadvantages related to toxicity 

and dye-leaking [18].  

 

Hence, doping free silica nanoparticles is a good alternative to dye-doped silica 

nanoparticles. However, the fluorescence intensity of these nanoparticles will be low 

compared to dye molecules or dye-doped silica nanoparticles. Therefore, proper chemical 

modification and control of parameters during synthesis process are necessary. 
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1.3    Objectives of the Study 

 

1. Preparation of porous silica nanoparticles using template assisted wet chemical route. 

2. Chemical modification of the porous silica nanoparticles in order to enhance their 

fluorescence property in the visible wavelength region. 

3. Investigation of the effects of calcination temperature and chemical modification 

conditions on the fluorescence properties of silica nanoparticles. 

1.4    Hypothesis of the Study 

 

Synthesis of porous silica nanoparticles with controlled fluorescence in the visible region. 

 

1.5     Limitations of the Study 

 

1. Different characterization techniques are required to check the morphology, porosity 

and luminescence properties of the synthesized nanoparticles. Some of the techniques 

are time consuming (XPS, Fluorescence Spectroscopy). Finding correlation between the 

results from different parameters found from these characterization techniques may not 

be conclusive. 

2. Synthesis process of the porous silica nanoparticles involved CTAB as a surfactant. The 

effect of other surfactant types on the porosity is not considered in this study. 

3. Relevant literature regarding the luminescence property of the silica nanoparticle are 

not conclusive in terms of explaining the mechanism of the luminescence in these 

nanoparticles and do not provide a definitive answer about the phenomenon. 
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CHAPTER 2 

 

LITERATURE REVIEW 

 

2.1   Classification of Nanomaterials 

 

Nanomaterials are classified zero-dimension (0D) nanomaterials, one-dimension (1D) 

nanomaterials, two-dimension (2D) nanomaterials and three-dimension (3D) nanomaterials 

[3]. 

 

Zero-dimension (0D) nanomaterials: Zero-dimension (0D) nanomaterials are materials 

where all the dimensions are measured within nanoscale (no dimension is larger than 100 

nm). The most common representation of the 0D nanomaterials is nanoparticles. 0D 

materials contain spheres, clusters which are considered point like particles. These 

materials can be crystalline or amorphous; metallic, ceramic or polymeric. 

 

One-dimension (1D) nanomaterials: One-dimension (1D) nanomaterials are materials in 

which one dimension is in the nanometer scale and the materials include nanotube, 

nanofibers, wires, rods etc. One-dimensional materials can be amorphous or crystalline 

(single or polycrystalline). 

 

Two-dimension (2D) nanomaterials: Two-dimension (2D) nanomaterials are materials that 

have two dimensions in the nanometer scale. These materials include nano-films, nano-

layers and nano-coatings. 

 

Three-dimension (3D) nanomaterials: Three-dimension (3D) nanomaterials or bulk 

materials have three dimensions above 100 nm. These materials can be nanoparticle 

dispersion, nanowire bundle, nanosize crystal of multiple arrangements oriented in different 

directions. 

 

2.2   Silica Nanoparticles 

 

Silica nanoparticles which are used for biomedical applications can be generalized into two 

categories: non porous and porous (mesoporous) nanoparticles. Both of these types of 

nanoparticles contain the amorphous structure. As the size and shape of the non-porous 

silica nanoparticles can be easily controlled; similarly the pore size of the porous 

nanoparticles can be controlled by varying the surfactant concentration during the synthesis 

procedure. In our study, first we will discuss about the non porous silica nanoparticle 

synthesis and their surface modification technique. 

 

2.3   Synthesis of Silica Nanoparticles 

 

Generally, two methods can be employed in preparing silica nanoparticles. These are: sol-

gel method and microemulsion method [19].  
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i. Sol-gel Method: In 1968, Stöber and Fink synthesized spherical and monodisperse silica 

nanoparticles using the hydrolysis of a dilute solution of TEOS. Ethanol was used in this 

process as a solvent. High pH was required for this procedure and it was observed earlier 

by Kolbe. Uniform and amorphous silica nanoparticles with size varying from 10 nm to 2 

μm were obtained by changing the concentration of the reactants.  This method is 

considered the most effective and easy method to obtain monodisperse silica nanoparticles.  

The following reactions occur in this method: 

Hydrolysis: Si-(OR)4 + H2O → Si-(OR)3-OH+ R-OH 

Condensation: Si-(OR)3-OH+ HO-Si-(OR)3→[(OR)3Si-O-Si(OR)3]+ H-O-H 

 

ii. Microemulsion Method: In 1990, Osseoasare and Arrigada reported the synthesis of 

monodispersed silica particles having nanosize. The process was performed using 

controlled hydrolysis of TEOS in inverse microemulsion. Silica nanoparticles can also be 

produced using reverse microemulsion method. In this process, the preparation of the 

particles was initiated by the formation of inverse micelles in the presence of surfactant 

using non polar solvent [20]. 

 

Park et al. synthesized the silica nanoparticle using Stöber method in which hydrolysis and 

condensation of TEOS occurred while ethanol was used as a solvent [21]. The properties of 

particles were controlled because semi-batch process was used. The obtained silica 

nanoparticles from this experiment were monodisperse and had size varying in the range of 

10-350 nm. The main factors affecting the particle size were: molar ratio of the 

concentration of the water to TEOS, reactant feed rate and concentration of NH3. Particle 

size decreased when the reaction temperature increased. However, particle size increased 

when the concentration of ammonia and water increased. 

 

According to their work, increasing the reaction temperature decreases the particle size 

because, when the reaction temperature went up, the nucleation rate increased; thereby the 

particle size decreased. Because of this high nucleation rate, small particles with narrow 

distributions were obtained. 

 

When the concentration of water and ammonia is increased, particle size increased. 

Hydrolysis is a slow reaction in which acid or base is used as catalysts. Higher 

concentration of ammonia and water would lead to higher hydrolysis rate. With high water 

concentration, the nucleation rate would also be high. Therefore, a lot small silica 

subparticles where produced in this experiment when the water concentration was 

increased. The hydrogen bond that existed in silica subparticles because of high water 

concentration was of strong in nature because of the presence of excess water. Thus, the 

subparticles agglomerated and became a large particle. However, Matsoukas and Gulari 

reported that, according to their experiment; increasing water concentration decreased the 
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particle size. While analyzing the effect of feed rate, the authors compared between batch 

process and semi-batch process. In the batch process, a mixture containing ethanol and 

TEOS and another mixture containing ethanol, water and ammonia were created. Both 

mixtures were fed simultaneously into the reactor which caused the induction time to be 

shorter. However, in the semi-batch process, one mixture (ethanol, TEOS) was fed into the 

reactor containing another mixture of ethanol, ammonia and water through a microfeed 

pump. Thus, the silica nanoparticles prepared in the batch process was smaller compared to 

the semi-batch process as the particle growth time in the semi-batch process is longer.  

 

Therefore, the optimal conditions that were reported in the experiment were: reaction 

temperature would be 62 degree Celsius; concentration of ammonia would have to be in the 

range of 0.20-0.35 mol.L-1; molar ratio of the concentration of water to TEOS were 30 to 

55 and the feed rate of the reactant were in the range 13-17 cm3.min-1. 

 

Rao et al. reported synthesized of silica nanoparticles using the sol-gel process via 

ultrasonication [22]. The resultant products were monodisperse and uniform in size. The 

reaction was conducted in an ethanol medium. It was mentioned in the report that when 

methnol was used as a solvent, it produced the smallest particles. Because, particle size 

increases when longer chain alcohols are used. The size distribution of the particles also 

became broad with the increasing chain length of alcohol. 

 

Two types of reaction were present in the synthesis process. At first, silanol groups were 

formed via the hydrolyzation of TEOS and in the next step siloxane bridges were formed 

by condensation polymerization reaction. The rate of the condensation polymerization 

reaction depended on the reaction conditions. The five parameters that affected the outcome 

of the reaction are: concentrations of TEOS, ammonia and water, alcohol effect and 

reaction temperature. 

 

When the concentration of TEOS increased, size of nanoparticles also increased. But a 

decrease in particle size was also observed with higher TEOS concentration when the 

concentration of ethanol and ammonia were 4M and 14M respectively. For the effect of 

ammonia concentration, with the increase of ammonic concentration, a decrease in particle 

size was observed. In this study, it was observed, particle size increased when the 

concentration of water was increased up to 10M. Afterwards, a decrease was noticed for the 

increase of water. When the concentration of ethanol was decreased from 8M to 4M, 

particle size also decreased. The particle size at the beginning increased with the increase of 

ethanol up to 6M, then the decline was observed. And finally, when the temperature was 

increased, particle size was decreased. As the temperature grew higher, the evaporation of 

ammonia became faster; thereby causing a decrease in their concentration which in turn 

decreased the particle size. 
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Rahman et al. synthesized silica nanoparticles with an optimized sol-gel process [23]. The 

synthesized particle size was around 7.1 nm and the particles showed good stability. The 

particles were also monodisperse in nature which depended upon the reaction conditions. 

The size of the particles increased when the concentration of TEOS was increased. The size 

distribution of the particles also became broad and multimodal. As TEOS is the source of 

monomer, the concentration of primary particles is proportional to the concentration of 

TEOS. During the nucleation state, primary particles are generated at an excessive amount. 

These excess of primary particles agglomerated and produced secondary particles which 

caused the multimodal distribution. 

 

In the presence of ammonia as a catalyst, the hydrolysis rate of TEOS increased along with 

the polymerization rate of hydrolyzed monomer. It caused an increase in the size of the 

silica. So, when the concentration of ammonia increased, the particle size also increased. 

The particles became smooth and spherical as well. The feed rate in this experiment is 

defined as the rate at which ammonia is fed into the concentration. Slower feed rate 

produced smaller particles with a narrow size distribution. And higher feed rate produced 

bigger particles with wider size distribution. Because when the feed rate was higher, it 

caused higher kinetics and faster particle growth causing rapid particle agglomeration. 

 

The particle size decreased with the increase of temperature. 45 degree Celsius was used as 

the optimum temperature which produced particles with less agglomeration. The effect of 

mixing the reactants using ultrasonication and magnetic agitation was also reported. The 

agglomeration of particles was stronger in magnetic stirring compared to ultrasonication. 

 

Jafarzadeh et al. synthesized silica nanoparticles using a modified Stöber method [24]. In 

their experiment, they reported the different mixing modes of reactants along with different 

drying techniques such as freeze drying technique and heat drying technique.  

 

In order to observe the different mixing techniques, three types of mixtures were created. 

The first mixture was made of ethanol and TEOS via sonication for 10 minutes. After that 

water was added in the mixture. The second mixture was created mixing ethanol, TEOS 

and water simultaneously. And finally, the third mixture was made of water and ethanol via 

sonication for 10 minutes; afterwards the addition of ethanol into the mixture.  

 

The first mixture of TEOS and ethanol produced silica nanoparticles that were low in 

agglomeration and aggregation. TEOS dissolves in ethanol and therefore this mixing 

method affected the TEOS molecules were homogeneous in the first mixture. Thus high 

homogeneity is observed in the first mixture. In the second mixture; as TEOS, water and 

ethanol are mixed simultaneously, the proximity occurred between water and TEOS which 

initiated the hydrolysis reaction. This mixture showed moderate homogeneity compared to 

the first mixture. In the third mixture of water and ethanol, a hydrogen bond was created 

between ethanol and water. This hydrogen bond inhibited to propagation of target molecule 

TEOS into water which is the hydrolyzing agent. Hydrolysis is performed through the 

penetration of TEOS to the pore of water and ethanol framework via the surface of TEOS-

ethanol. Thus, the recommended mixture for preparing monodispersed silica nanoparticles 

is the mixture of TEOS and ethanol. The synthesized particle size using the first mixture 
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was 10.6± 1.4 nm; for the second mixture it was 13.8± 1.7 nm and for the third mixture it 

was 14.9± 1.6 nm. 

 

Synthesized nanoparticles were in gel form. One of the two drying techniques was used in 

the process; either heat drying (24 hours in oven) or freeze drying (overnight in vacuum 

oven). Rapid removal of water occurred through the pore of the silica nanoparticles via 

evaporation in the heat drying process. It caused a decrease in silica gel volume. In the 

freeze drying technique, slow removal of water occurred via sublimation process under 

high vacuum. Thus the nanoparticles retained high surface area and porosity. Because of 

this well ordered pore structure, it was easier for adsorbed water molecules to escape easily 

in the freeze drying technique compared to heat drying technique. 

 

Zainal et al. synthesized silica nanoparticles that were entrapped with Rifampicin [25]. In 

order to control the size of the silica nanoparticles, Tween 80 (Polysorbate 80); a non ionic 

surfactant and ammonia (catalyst) were used. Effect of synthesis parameters on the particle 

size was observed. These parameters include: effect of butanol, TMVS and reaction 

temperature. Increasing the amount of butanol and reaction temperature increased the size 

of the nanoparticles. Particle size distribution (PSD) changed from monodisperse 

distribution to bimodal distribution after increasing the concentration of TMVS. When 

TMVS became excess, it led to rapid hydrolysis of silica and the condensation reaction 

produced new silica nuclei among the already existing silica nanoparticles. Thus, bimodal 

or heterogeneous distribution was observed when the concentration of TMVS was 

increased. The silica nanoparticles were produced using a micelle entrapment method. The 

size of the synthesized silica nanoparticles were 26.39 nm, 24.60 nm, 167.79 nm based on 

the increase of the concentration of TMVS. 

 

2.4   Surface Modification of Silica Nanoparticles 

 

In order to obtain various desired surface properties for biomedical application (better 

interaction between nanoparticle and biological system) it is of great importance to modify 

the surface property of nanoparticles. 

 

The method of modifying the surface of silica can be classified in two ways: chemical 

modification and physical modification according to reference [1]. 

 

i. Chemical Modification Method: Surface modification of silica nanoparticles using 

chemical modification technique involves the use of either modifier agents or grafting 

polymers. This technique has received much importance because the interactions formed 

between surface modifiers and nanoparticles are very strong. 

 

Silane coupling agents are used as modifier agents because of being hydrolysable and 

having organofunctional ends. Coupling agents have a general structure of RSiX3. X is 

defined as the hydrolysable group (ethoxy, methoxy or chloro). R is the organic group 

which has different functionalities based on polymer requirements. Hydroxyl groups (-OH) 
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on the silica surface reacts with the functional group X. Hydrophobic silica can be obtained 

through the reaction of alkyl chain with polymer. 

 

There are two methods through which polymer chains can be chemically attached to the 

surface. The methods are: ‘grafting from’ method and ‘grafting to’ method. The first one is 

based on the growing of monomer from polymer chains through immobilized initiators. But 

the ‘grafting to’ method sees the covalent attachment of nanoparticle surface to the end of 

functionalized polymers. 

ii. Physical Modification Method: Physical modification method is based on the adsorption 

of surfactants or macromolecules to the surface of silica nanoparticles. The hydrophilic 

group of the surfactant extends itself to the surface of silica nanoparticles via electrostatic 

interaction. The reduction of interaction between silica nanoparticles within agglomerate 

occurs. 

 

Silica nanoparticles surface modification can also be done based on the reaction between 

the surface of silica nanoparticles and organo-alkoxysilane or halosilane that are available. 

These alkoxysilanes are binded to the surface silanol groups of silica nanoparticles through 

condensation reaction. On the other hand, these halosilanes go through hydrolyzation 

process which is able to substitute the halide group for alcohol group. Afterwards, the 

process goes through condensation reaction which sees the formation of one or three Si-O-

Si links with surface silanol groups. Nanoparticle surface is also modified using 

organosilanes such as: APTES, MPTS and other PEG [26]. Surface modification process 

allows the particles to have unique properties which would not be possible otherwise. 

 

For instance, Shin et al. modified silica nanoparticle surface using PEGMA and PPGMA 

which enhanced the dispersion of silica nanoparticles in organic polymer [27]. Modified 

silica nanoparticles were synthesized using the Stöber method via hydrolyzation of Tetra 

ethyl orthosilicate (TEOS). Introduction of reactive groups on the surface of silica 

nanoparticles occurred through the treatment of silica surface using VTES. The VTES 

treated silica surface was afterwards grafted with PEG or PPG. The grafting on the surface 

was based on UV-photopolymerization process. Higher weight loss and lower zeta potential 

were observed in the modified particles. The higher weight loss was attributed to the 

decomposition of organic polymers. As the number of silanol groups on the surface of 

modified particles is less compared to the unmodified particles, lower zeta potential was 

observed. The silanol groups that were present on the silica nanoparticle surface acted as 

reactive sites in the surface modification process. 

 

Water vapor adsorption for modified silica nanoparticles were lower compared to pure 

silica nanoparticles. Pure silica nanoparticles have hydroxyl groups on their surface that 

makes the surface purely hydrophyllic. Functional group on the polymer chain replaces the 

hydroxyl group on the surface after modification making the particle hydrophobic. As the 

particle was modified with polymers, the amount of water present on silica nanoparticles 

decreased. So, after modification silica nanoparticle surface became more hydrophobic. 
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Xiao-Kun Ma and coworkers, highly dispersed silica nanoparticle surface was modified 

using cationic surfactant [28]. Surfactants can be divided into four categories based on 

chemical structures: non-ionic, anionic, cationic and zwitterionic. CTAB is a cationic 

surfactant containing 16 long chain of carbon. When the polar part of CTAB (cationic) 

interacted with the hydroxyl group (anionic) of silica, adsorption of CTAB on the silica 

nanoparticle surface occurred. The reaction of CTAB and hydroxyl groups of silica caused 

the grafting of surfactant onto the silica. It caused the decrease of surface energy of silica 

nanoparticles and increase of spatial arrangement of atoms. Thus the modification made the 

silica nanoparticles monodisperse and increased their stability. 

 

Hang Chau et al. prepared transparent silica-PMMA (poly methyl acrylate) hard coatings 

using modified silica nanoparticles [29]. Silica nanoparticles were put into PMMA matrix 

after its surface was modified with MPS. Trimethoxy silyl [Si (OCH3)3] functional group 

was grfted to the surface of silica nanoparticles which eventually terminated the particle 

growth and stabilized the silica nanoparticles. MPS introduced a bonding between silica 

nanoparticles and PMMA. 

 

Tae park and coworkers reported the modification of silica nanoparticle surface using 

hydrophilic polymers [30]. Different methods were mentioned in their work which 

discussed the attachment of polymer chains to nanoparticle surface. These methods are 

‘grafting to’ and ‘grafting from’ method. Water soluble polymers POEM and PSSA were 

grafted on to the silica surface through a three step process causing the modification of 

silica nanoparticle surface. At first, the silanol on the surface of silica nanoparticle were 

activated. Then conversion of OH- groups to Cl- groups occurred in a base reaction using 

DMAP. The last step was the graft-polymerization of water soluble polymers via atomic 

transfer radical polymerization. In this method, Cl- atom acted as an initiating site. ARTP 

initiator was successfully anchored to silica surface. Grafting of water soluble polymers 

around silica did not alter the mesostructure of the silica. Furthermore, this process also 

increased the dispersion behavior of silica nanoparticles. 

 

Sonyeon Kim et al. discussed about the modification of silica nanoparticles surface by graft 

polymerization by Methyl methacrylate (MMA) through ultraviolet irradiation process [31]. 

Benzophenone was used as a photoinitiator which formed free radicals and adsorbed in the 

far UV spectrum of wavelength (250 nm). These radicals present in the silica nanoparticle 

surface reacted with MMA and initiated the growth of grafted chain forming new covalent 

bonds (-Si-O-C-) on the silica surface. 

 

Z. Lou et al. synthesized functionally modified silica nanoparticles by one step method; 

based on the hydrolysis of TEOS in aqueous solution with addition of MPMS and finally 

dispersing in Polyurethane coatings [32]. Organofucntional group on the silica nanoparticle 

surface was introduced with the addition of MPMS; thereby preventing the agglomeration 

of silica surface. 

 

Lin et al. synthesized monodisperse silica nanoparticles with a core-shell structure. [33]. 

VTEOS was used in this process for size adjustment and encapsulation purpose. These 

organofunctionalized particles exhibited high monodispersity and core-shell structure.  
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Generally, these core-shell nanoparticles were formed using a two step process: at first 

monodisperse silica cores were prepared and afterwards a thick organic shell was formed 

around the cores. VTEOS inhibited growth of the nanoparticles and adjusted size 

distribution and particle size. 

 

Increasing the VTOES content decreased the prepared particle size (vinyl-SiO2 sample). 

Preparation of silica nanoparticles normally goes through three stages: first stage is called 

nucleation, second stage is called uncontrolled growth and the last stage is called Ostwald 

ripening. In nucleation stage particles remain in a monodispersed state. Then for the 

uncontrolled growth stage, deviation from particle size occurs. Finally, in Ostwald ripening 

stage, the deviation of particle is increased which makes the silica nanoparticles 

inhomogeneous. 

 

VTEOS is added between the nucleation and uncontrolled growth stage of silica 

nanoparticles. VTEOS is more inclined to attach itself to the cores of the primary silica 

nanoparticles in comparison to TEOS. The addition of TEOS modulated the hydrolysis-

polycondensation process of the system; thereby a vinyl shell around the primary silica 

nanoparticles was created. The organic vinyl shell inhibited the uncontrolled growth 

process and it occurred at the last stage of the silica nanoparticle synthesis. 

 

Higher concentration of VTEOS indicated the complete coating of silica nanoparticle with 

vinyl groups; eventually creating a vinyl shell and inhibiting the dispersion of silica 

nanoparticles. But lower concentration of silica nanoparticles indcated insufficient vinyl 

groups surrounded the silica nanoparticles; producing coating that wasinsufficient on the 

surface of silica. The particles can be grown outside these bare sites; resulting the formation 

of rough surface in the nanoparticles. 

 

Marini et al. reported the synthesis of modified silica nanoparticles with a core-shell 

structure using TEOS as a starting material and VTEOS as a modifier [34]. Based on their 

report, resultant silica nanoparticles had a carbon enriched shell and core consisted of 

silicon and oxygen. 3- ethoxysilane groups from VTEOS and ethoxysilane groups from 

TEOS attached themselves onto the Si-O-Si network frame. Modification of the surface of 

the silica nanoparticles occurred because of the vinyl group; making them suitable for 

surface reactions. The diameter of the core was in the range of 220-240 nm having a narrow 

size distribution and shell thickness of the synthesized particle was around 18-22 nm. 

 

Wang et al. modified silica nanoparticle surface using a combination of covalent and non-

covalent process [35]. Tetra octyl ammonium bromide (TOAB); a quaternary ammonium 

surfactant was introduced to organic solvent before the covalent modification process. 

Addition of this surfactant also helped in the dispersion of pure silica nanoparticles in non 

covalent method as well. Particle size and grafting rate were affected by TOAB. For the 

grafting mechanism, TOAB is useful for creating a favorable environment. Xylene was 

used in the process as an organic solvent. As there is hydrogen bond between hydrophilic 

silica nanoparticles and hydrophobic xylene, the nanoparticles tend to aggregate. 

Ultrasonication can be deemed as an effective method to inhibit the aggregation. But once 

the ultrasonication is removed, the particles re-agglomerate themselves again. In the Xylene 

solution, NH3
+ of TOAB and OH- on silica nanoparticle interacted; causing the adsorption 
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of TOAB onto the surface of silica nanoparticles. TOAB has four long chains which 

attached themselves to the Xylene; which thereby caused the reduction of the 

hydrophobicity of the silica nanoparticle surface.  

 

2.5   Classification of Pore and Porous Materials 

 

In order to have a complete understanding and categorization of porous materials, 

classification of pore is a requirement. By categorizing the pores in terms of their shape, 

size, structure and accessibility; the purpose of classification is fulfilled. In our study, we 

will focus our attention to the classification based on size and accessibility towards the 

environment. 

 

Based on the accessibility of their surroundings, pores are categorized as ‘open pores’ and 

‘closed pores’ [36]. Open pores are accessible for other molecules from their surrounding 

environment. Some open pores are open at only one end (can be called as dead-end or 

blind). Other pores are open at both ends (can be called as through pores). Closed pore or 

latent pore is defined by Ruike and coworkers as pores that are not penetrable by He gas 

303 K. Closed pore can also be defined as pores having width smaller than the molecular 

size of the probe. 

 

Schematic diagram of pore classification (modified from IUPAC) based on their 

accessibility to the surroundings [37] is given below 

 

 
Figure 2.1: Diagram of classification of pores 

 

In the diagram above; a: closed pore; c, d and g: open pores; b and f: pores open at one end; 

e: pores open at both ends. 
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Classification of pore based on size is of great significance. Understanding the property of 

pore size is very important for the practical applications of porous materials. The 

classification of pore based on size can be précised if the geometrical shape of the pores is 

known. Classification of pores based on size is actually classified in terms of dividing the 

pore to their width (diameter of a cylindrical pore). Thus pores can be classified as: 

micropores, mesopores and macropores. Micropores are less than 2 nm, mesopores fall into 

the range of 2 nm to 50 nm. Macropores have pore size greater than 50 nm. Micropores can 

also be classified into ultramicropores and supermicropores. Ultramicropores are smaller 

than 0.7 nm and supermicropores fall into the range between 0.7 nm to 2 nm. 

 

2.6   Mesoporous Silica Nanoparticles 

 

Mesoporous silica nanoparticles are type of nanoparticles that fall into the range between 

microporous and macroporous range with a pore diameter from 2 nm to 50 nm. These 

mesoporous nanoparticles can be classified as: M41S type MSN family, originally modified 

silica (ORMOSIL) nanoparticles and hollow mesoporous silica nanoparticles [38]. 

 

Schematic diagram of these particles is represented below 

 

 
 

Figure 2.2: Schematic representation of a: M41S type MSN, b: Originally modified 

(ORMOSIL) nanoparticles and c: Hollow mesoporous silica nanoparticles [38] 

 

i. a. M41S type MSN Family 

 

The discovery of M41S type nanoparticles proved to be very significant in the drug 

delivery systems [39, 40]. Among the nanoparticles in this family, MCM-41 is the most 

popular; having a porous hexagonal structure. The properties of MCM-41 include: high 

thermal stability, controllable particle size, chemical stability and narrow pore size 

distribution [41]. 

 

Stöber method is usually used for the synthesis of these particles; making the synthesis 

process highly controllable. Structure of these nanoparticles can be controlled by varying 

the synthesis parameters, such as: concentration of the reactants and reaction temperature 

[42, 43]. Other members of this nanoparticle family include MCM-48 (cubic structure) and 

MCM-50 (laminar structure).  
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The diagram of M41S type family is shown below 

 

 
 

Figure 2.3: Structural representation of M41S family members 

 

In the above picture, A: MCM-41 nanoparticles, B: MCM-48 nanoparticles and C: MCM-

50 nanoparticles [38] 

 

i. b. SBA-15 

 

 Santa Barbara Amorphous (SBA-15) is another type of mesoporous nanoparticles used in 

the drug delivery system. These nanoparticles can be synthesized using the polymer 

template which gives it a mesostructural ordering and the structure depends on the pH level 

during the synthesis process [44, 45].  They have same properties as MCM-41 

nanoparticles, but their structural properties are different. SBA-15 nanoparticles have thick 

pore walls, large particle diameter, large pore diameter (5 nm to 30 nm) and rough surface 

morphology. 

 

ii. ORMOSIL Nanoparticles 

 

These nanoparticles also possess similar properties like the rest of the mesoporous particles 

such as: biocompatibility, tunable pore size and diameter, ordered porous structure. 

However, the size of the particles is large (greater than 200 nm). Applications of these 

nanoparticles can be of as hybrid materials in the biomedical field. 

 

iii. Hollow MSN 

 

These types of nanoparticles have hollow core and mesoporous shell structure. These 

materials have a high drug loading capacity making them an ideal candidate for the drug 

delivery system. Hollow MSNs can be again categorized based on their fabrication method 

during the synthesis process; such as: hard-template MSN, soft-template MSN and self-

template MSN [38]. 
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2.7   Synthesis of Mesoporous Silica Nanoparticles 

 

MCM-41, MCM-48, SBA-15 and M41S are mesoporous silica nanoparticles that are part of 

the molecular sieve family and these materials gained popularity ever since their discovery 

in the 1990s. These materials have pore size in the range of 2-10 nm [40]. Mesoporous 

silica nanoparticles possess some excellent properties such as: controllable particle size, 

morphology, porosity and chemical stability [41].  

 

The synthesis process of MSN follows the formation of micelles using the cationic 

surfactants which act as a template for structure directing agents. It causes polymerization 

of silica constituents based on the electrostatic interactions among them. Formation 

mechanism of MCM-41 is given below: 

 
 

Figure 2.4: Schematic diagram of the formation mechanism of MCM-41 [40] 

 

In the beginning, successful synthesis was performed by Cai et.al [46]. MCM-41 silica 

particles were synthesized using a basic medium keeping the concentration of the 

surfactant, CTAB low and using TEOS as a silica precursor. The average size of the 

particles was reported to be around 110 nm. Ostafin et.al also synthesized mesoporous 

silica spheres which had a controllable particle size. The particle size was controlled by 

changing the ratio of silica precursor and surfactant concentration [47]. CTAB and n-

dodecylamine was used as structure directing agents in this process. Mann et.al also 

reported the synthesis of nanoparticles that had mesostructural interior based on the 

hydrolysis and condensation reaction of TEOS. CTAB was used as a surfactant in the 

aqueous alkaline solutions [48]. 
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However, the term ‘MSN’ (mesoporous silica nanoparticles) came into the spotlight when 

mesoporous silica nanoparticles were synthesized by Lin and coworkers. These 

nanoparticles had spherical shape and hence the nanospheres were used for controlled drug 

delivery system [49]. 

 

Making adjustments in the synthesis process of the mesoporous silica nanoparticles can 

provide the particles with multiple morphologies and pore size. These structure adjustments 

can be made by varying the pH using different surfactants and their concentrations. 

Schematic representation of MSN synthesis is given below 

 

 
 

Figure 2.5: Schematic diagram of MSN synthesis process [50] 

 

Stöber method is used for the synthesis of monodisperse silica nanoparticles. Non-silica 

nanoparticles can also be synthesized using this method, such as carbon spheres [51]. 

 

Grun et.al synthesized MCM-41 spherical particle in the sub-micrometer region by using 

cationic surfactant as a part of modification process of Stöber process [52]. Chiang et.al 

mentioned all the parameters required for changing the size of the mesoporous silica 

nanoparticles such as: reaction time, amount of TEOS, effect of pH. Based on their work, 

pH played the important role in changing the size of the nanoparticles [53]. Lin et.al 

synthesized mesoporous silica nanoparticles of MCM-48 type by changing the amount of 

pluoronic F-127. CTAB was also used in this process [43]. 

 

Ying et al. synthesized mesoporous silica nanoparticles through the combined actions of 

surfactant and fluorocarbon. In this particular procedure particle size was adjusted from 50 

nm to 300 nm. Different sizes of mesostructures were also observed; such as: hexagonal, 

3D cubic and 2D. 

 

Okubo et.al synthesized silica nanoparticles which had characteristics such as: improved 

structure morphology and adjustable particle size. The synthesis process was conducted 

using CTAB and Ethylene glycol. CTAB was used as a surfactant and structure directing 

agent. Tunable pore size was achieved using TMB as a pore expanding agent and the pore 

size was reported to be around 2 nm. 
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TEM images related to the work mentioned in literatures [43, 46] are given below 

 

 
 

Figure 2.6: TEM images of calcined MCM-48 mesoporous silica nanoparticles [43] 

 

 
 

Figure 2.7: TEM image of calcined MCM-41 mesoporous silica nanoparticles [46] 

 

Bein et al. reported synthesized mesoporous silica nanoparticles in colloidal form via 

introduction of Triethanol amine (TEA) during the condensation of TEOS. It was shown 

that particle size varied through adjusting the ratio of TEOS and TEA and particle size was 

in the range between 50 to 100 nm. These nanoparticles had high surface area (greater than 

1000 m2g-1) and large pore volume (around 1 cm3g-1).  

 

Agglomeration properties of non-porous particles were affected by the particle shape and 

size.  Same is also the case for mesoporous silica nanoparticles. One of the common 

methods is the condensation and hydrolyzation reaction of TEOS and afterwards surface 

modification using different organo-alkoxysilane. For example, a curved tubular hexagonal 

structure was observed when the surface of the nanoparticles prepared through the 

condensation reaction of TEOS was modified using APTMS. This particular organo-
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alkoxysilane were replaced by other silanes; for example [3-(2-(2-aminoethylamino) 

ethylamino)] propyl trimethoxysilane (AEPTMS). Change of organosilane changed the 

particle morphology. Zigzag shaped columns and spheres of micrometer size were 

observed. Particle morphology was controlled by varying the ratio of the concentration of 

reactants. For example, during the synthesis process, when the concentration of TEOS, 

CTAB and NaOH were made double compared to before; although the pore structure and 

pore size remained the same, spherical shape of the nanoparticles changed into tube. 

 

Generally there are three methods to functionalize the surface of mesoporous silica 

nanoparticles. These methods are: co-condensation (one pot synthesis), grafting method 

(which is performed after the synthesis process) and imprint coating method. 

 

In order of produce organic-inorganic hybrid particles, co-condensation reaction of tetra 

alkoxysilane and one or more organo-alkoxysilane can be used. Both acidic and basic 

functional groups can be introduced into the mesoporous silica nanoparticles during the co-

condensation reaction of two organo-alkoxysilanes. Grafting method required the presence 

of silanol groups on the surface. Burleigh and coworkers reported a new imprint coating 

method. In this method MSN surface was coated with ligands that were already positioned 

with same type metal ions [54].  

 

Xu and Liang et al. reported a synthesis process for mesoporous, monodisperse and hollow 

silica nanoparticles using a dual template method [55]. Incorporation of Poly styrene- co 

methyl methacrylate -co methyl methacrylic acid [PS-PMMA-PMAA] into the particles 

made them useable as hard templates for producing a hollow framework. Surfactant CTAB 

introduced the mesopores in the shells. Average diameter of the silica nanoparticles were 

reported to be around 230 nm. In the experimental procedure, PS-PMMA-PMAA 

nanoparticles were added to ethanol aqueous solution. The ethanol solution contained the 

surfactant CTAB cations (CTA+) which were adsorbed on the PS-PMMA-PMAA 

nanoparticles (negatively charged). The hydrolyzation process of TEOS produced 

negatively charged silicate species. These anions also interacted with the cations from the 

surfactant (CTAB). CTAB/SiO2 were deposited on to PS-PMMA-PMAA nanoparticles; 

thereby giving the formation of the desired nanocomposites. 

 

Zhang et al. synthesized hollow, mesoporous silica nanoparticles (MSN). The process was 

conducted through the combined action Tetra decyltrimethyl ammonium bromide (TTAB) 

and Tetra ethanolamine (TEA) [56]. These nanoparticles can be used as pH responsive drug 

delivery carrier. TEA was used in place of NaOH as it was able to conduct the synthesis 

procedure at a low pH. Furthermore the chelating properties also influenced the 

condensation process. The role of TTAB in this synthesis is that of a structure directing 

agent. Hollow structure and porous shell formation mechanism was based on the self-

assembly process. 

 

In this process, at first a mixture of TTAB and TEA was made and it was added to solution 

made of TTAB and water. The reactant TTAB, TEA, TEOS and water formed a 

microemulsion system and these droplets performed the role of co-templates silica 

nanoparticle synthesis. Because of the insertion of the hydrophobic chain of TTAB onto the 

microemulsion droplet, the system became stable. TEOS was hydrolyzed and the process 
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was catalyzed by TEA and DI water; thereby producing negative silicates. The negative 

charges were attracted to the positive (cationic) part of the surfactant (TTAB). Thus silica 

species were incorporated onto the surface of hydrophobic micelle core of TTAB.  

 

Nandiyanto et al. synthesized MSN of spherical shape using an organic template method 

[57]. Synthesized silica nanoparticles had characteristics such as: tunable pore size and 

outer particle diameter in the nanometer region. The process involved the simultaneous 

actions of hydrolyzation of TEOS and polymerization of styrene into in an oil/water phase 

using CTAB as a surfactant in the preparation process. Octane was used as a hydrophobic 

supporting component of the reaction process. Lysine was used as a catalyst to control the 

size of the silica nanoparticles in the nanometer region. Pore size and diameter of the 

synthesized particles were controlled using lysine. When NH3 was used as a catalyst, larger 

size nanoparticles were produced whose outer diameter was greater than 100 nm. 

 

The pore size and diameter of the prepared particles were controlled using Styrene. As the 

concentration of Styrene increases, pore size also increases. According to their hypothesis, 

when the silica nucleate monomer was formed, styrene monomer was also polymerized into 

polystyrene. The formed silica nucleate enhanced and came together with polystyrene 

which eventually formed silica-polystyrene nanocomposite. Thus, increasing the styrene 

increased the polymer formation within composite silica particle. Enhancement of particle 

size and spherical control growth was attributed to the presence of octane. Greater specific 

surface area and large pore size were observed in the synthesized material. Oil/water phase 

with presence of surfactant was needed for the overall experiment. Varying the 

concentration of surfactant controlled the micelle formation. Particles had controllable pore 

size (4-15 nm) and outer diameter (20-80 nm). 

 

According to Yan Tao shi et al. it was possible to form mesoporous silica nanoparticles in 

the nanometer range in extremely dilute surfactant solution [58]. Formation mechanism 

happened because of deposition of ‘self-assembled silicate micelles’ which gave the 

produced particles had worm like or ordered structures. The particle size varied in the range 

of 10-60 nm. The size of the mesoporous particles were controlled by adjusting the length 

of these self-assembled micelles. Adjustment was performed by changing the concentration 

of surfactant (CTAB) and catalyst (NaOH). When the concentration of surfactant 

decreased, it was difficult to form monodisperse silica spheres. The synthesized particles 

had an average diameter of 350 nm and shell thickness around 80 nm. 
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Figure 2.8: TEM images of MCM-41 mesoporous silica nanoparticles [58] 

 

Okubo et al. prepared mesoporous silica nanoparticles which had core-shell structure and 

bimodal pore structures. Nanoparticles were synthesized using re-growth method [59]. 

Mesoporous silica nanoparticles were formed through the re-growth of silica-surfactant 

composite nanoparticles which had a 2D hexagonal structure. When silica source was 

added to the dispersion, re-growth process of silica-surtactant nanocomposites was 

possible. Normally, the TEOS-APTES mixture was used for the re-growth process of the 

‘seed particles’. CTAB and TMB were used for the expansion of pore in this process. 

 

 
 

Figure 2.9: TEM images of mesoporous silica nanoparticles. Scale bar 50 nm [59] 
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2.8   Luminescent Properties in Silica Nanoparticles 

 

Silica nanoparticles are not fluorescent because of high bandgap but they can be made 

fluorescent by the introduction of luminescent center into the silica lattice. This process 

provides high chemical and optical stability and low toxicity. There are different reasons 

behind the origin of luminescence property in silica nanoparticles. One of them is the 

introduction of impurities or defects related to carbon, oxygen or nitrogen. These defects 

originate because of the calcinations of silica nanoparticles whose surface is chemically 

modified using organosilane. Another probable reason is the intrinsic defects in the silica 

lattice such as: non bridging oxygen hole center (NBOHC), neutral oxygen vacancy 

(NOV), two fold coordinated silicon center. Surface properties of silica nanoparticles 

(surface silanol groups) can also play an important in the fluorescence behavior. Charge 

transfer between oxygen and silicon and defects related to carbon and oxygen are also 

reasons behind the fluorescence behavior in silica nanoparticles. 

 

The defects that are responsible for the luminescence emission mechanism can be classified 

in to the following categories according to Zhang and Lin [60]: 

 

Carbon Defects: Carbon related defect centers can occur after the heat treatment. These 

defect centers consist of an electron localized in 2p orbital of single bonded carbon and 

single bonded oxygen. The photoluminescence lifetime is shorter (less than 10 

nanosecond). 

 

Oxygen Vacancy: This defect acts as a radiative center in the recombination process. 

Elimination of non-radiative recombination centers occurs with the increase of heat 

treatment. Hence, photoluminescence related to oxygen vacancy is dependent on 

calcination temperature and time. Recombination between an oxygen vacancy and 

conduction band electron causes an emission in the visible spectrum.  The 

photoluminescence lifetime is longer in this case. 

 

Donor-acceptor Pair: These donor-acceptor pairs (NH3+/NH- or NH2+/N-) are found in 

organic-inorganic hybrid materials. Photoinduced proton transfer can occur between these 

pairs and can cause photoluminescence to occur.  

 

Carbon Dioxide Radical: An electron localized in the 2p orbital of a single bonded carbon 

is responsible for the formation of these defects. These defects in turn cause 

photoluminescence in the particles. Electron-photon coupling occurs in these defects which 

can be attributed to the short lifetime of the induced photoluminescence. 

 

E’ type Luminescent Center: These defects can be attributed to unpaired electron which is 

localized in the single silicon sp3 orbital. Upon excitation with high energy photons, these 

defects can cause photoluminescence. 

 

Non Bridging Oxygen Hole Centers: These defects are observed in the porous and 

amorphous silica nanoparticles and can be attributed to surface silanol group of the 
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nanoparticles. It can be described as SiOH→ ; unpaired electron is represented 

by the dot. Silanol groups are not stable in ambient environment and it causes their gradual 

oxidation. Therefore, silicon dangling bonds are formed providing non-radiative 

recombination centers and influencing the photoluminescence efficiency. 

 

Lin et.al Synthesized hybrid silica xerogels using the sol-gel method varying the synthesis 

conditions [61]. The main precursors used in the process are: TEOS, APTES, GPS, organic 

acid and inorganic acids (HCl, H2SO4). The xerogels were excited with 365 nm and they 

exhibited emission in the blue region. The xerogels were further heat treated with 200◦C 

and emission intensity increased. According to their study, the luminescence in the sol-gel 

synthesized silica gels could be related to either of the lattice mechanisms: charge transfer 

mechanism, defect mechanism and carbon impurity mechanism. The charge transfer 

mechanism is related to the charge transfer process between silicon and oxygen. The defect 

mechanism is related to the electron-photon coupling. In this mechanism, the localization of 

an electron-hole present in the 2p orbital of a single bonded oxygen formed the defects. The 

carbon impurity mechanism is related to the introduction of carbon impurities in silica 

lattice resulting in a –Si-C- or -O-C-O- bonds. The study concluded; based on the defect 

mechanism and carbon impurity mechanism; that different xerogel structure produced 

different amount of defects and impurities in the silica xerogel. Hence, it produced different 

luminescent centers in the silica xerogel. 
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The excitation and emission spectra of the above mentioned silica xerogels under different 

precursor conditions are given below 

 
Figure 2.10: Excitation (left) and emission (right) spectra of the hybrid SiO2 xerogels 

(using different precursor compositions) [61] 

 

Table 2.1: Summary of the literature based on the fluorescent silica nanoparticles 

 

Synthesized 

Material 

 

Emission 

Wavelengt

h  

Origin of 

Fluorescence 

Remarks Referenc

e 

Mesoporous 

silica 

nanoparticle 

(MSN) 

From 400- 

600 nm 

(excitation: 

380 nm) 

Carbon dots 1. Carbon dots were formed 

during calcination of MSN at 

400 °C in air for 2 hours. 

 

2.  Source of carbon dots is 

the organic functional group 

(APTES) into the silica 

matrix. 

 

[62] 
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3. Luminescence is dependent 

on the calcination 

temperature. 

 

Solid silica 

nanoparticles 

Peak near 

400 nm 

Surface 

hydroxyl 

groups as 

electron traps 

1. Nanoparticles were 

prepared by using L-lysine. 

  

2. No further modifications 

were done. 

 

3. Calcination at 600 °C for 6 

hours reduced the PL intensity 

 

[63] 

Solid silica 

nanoparticles 

From 400-

550 nm 

(excitation: 

350 nm) 

 

 

C and/or OH 

based species 

creating 

intermediate 

states within 

the bandgap 

of silica 

1. Silica nanoparticles were 

synthesized with different 

concentrations of silane 

groups and different post 

calcination temperatures. 

 

2. Both concentration of silane 

and calcination temperature 

was found critical for PL. 

 

3. Drop in PL intensity was 

also evident with increasing 

calcination temperature. 

 

4. Elemental analysis was 

performed to estimate the 

amount of C, H and N. The C 

content decreased when it was 

calcined at 400 °C and then 

gradually decreased more 

when calcined at 600, 700, 

and 800 °C, respectively. 

Similarly, the weight 

percentage of N and H also 

showed similar trend, after 

heating at 400 °C. 

 

[64] 

Solid silica 

nanoparticles 

From 400 to 

500 nm 

(Excitation: 

300 nm) 

C and O 

defects 

introduced to 

silica particles  

resulting from  

calcination of  

1. The group showed no 

experimental evidence for the 

origin of the PL. 

 

2. Nanoparticles were  

prepared with different  

[65] 
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the  

aminopropyl 

groups 

 

concentrations of APTES. 

 

3. Calcination was done at 400 

°C for 2 h in air. With 

increasing APTES 

concentration a red shift of PL 

peak was observed. 

 

Silica and 

silica-

aluminum 

oxide system 

prepared by 

sol-gel 

method 

From 400 to 

600 nm 

(Excitation: 

365 nm) 

Oxygen 

vacancies 

present in the 

silica network 

1. Calcination up to 750 °C in 

air was performed. 

 

2. A mechanism was proposed 

showing the formation of 

oxygen related defects in 

silica network. According to 

the mechanism, these defect 

centers consist of a localized 

electron in the dangling sp3 

orbital of a silicon or an 

electron-hole localized in a 2p 

orbital of the single bonded 

oxygen which results in a 

strong electron-photon 

coupling and thereby 

luminescence. 

 

[66] 

Silica 

particles (size 

not 

mentioned) 

and 

carboxylic 

group 

modified 

silica 

From 400 to 

650 nm 

(Excitation: 

337 nm) 

Mainly 

carbon/oxyge

n related 

impurities 

present in 

silica lattice 

1. Defect centers are created  

in the lattice via thermal 

decomposition of the 

carboxylic acid and any 

residual alkoxy group. 

 

2. Presence of graphitic 

carbon was detected by 

Raman spectroscopy when 

samples were heated above 

650 °C. 

 

[67] 

Inorganic 

polymerizatio

n for creation 

of silica 

network 

From 400 to 

600 nm 

(Excitation: 

360, 400, 

460, 500  

nm) 

 

N impurities 1. Amine groups responsible 

for N impurities. 

[68] 
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siloxane 

nanoclusters 

 

From 400 to 

600 nm 

(Excitation: 

330, 350, 

365, 395 

nm) 

 

 

N and/or O 

related defects 

 

1. Both N and O related 

defects are reported to be 

potential source for PL based 

on the synthesis conditions. 

 

[69] 

Silica gel 430 nm 

(Excitation: 

360 nm) 

Charge 

transfer 

process 

between 

oxygen and 

silicon 

1. Blue emission was observed 

in the room temperature. 

Annealing the silica gel at 200 

°C increased the PL intensity 

due to increase in the 

concentration of the emission 

centers. Annealing above 400 

°C reduced the PL intensity 

and evidence of C impurity 

was found by FTIR when 

annealed at 800 °C. 

 

2. TEOS also showed 

luminescent behavior in the 

blue region. But different 

excitation wavelength showed 

shifting of emission peaks. 

 

[70] 

Silica 

nanoparticles 

modified with 

APTES 

From 350 to 

550 nm 

(Excitation: 

300 to 360 

nm) 

C, O and N 

impurities 

1. No calcination study was 

done. 

 

2. XPS was used to show the 

C, O and N content. However, 

their presence was obvious 

since the particles were 

modified with APTES. 

 

[71] 

Silica sphere 385-455 nm 

 (Excitation: 

330 nm) 

Charge 

transfer 

between 

silicon and 

oxygen atoms, 

Oxygen 

related defects 

, carbon 

impurities 

1. Silica spheres prepared by 

water in oil microemulsion 

method. 

 

2. Pure silica spheres showed 

weak emission after 

calcination in comparison to 

amino functionalized silica 

spheres. 

 

3. Oxygen vacancy and carbon 

impurity changes PL quantum  

[72] 
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yield. 

 

Silica 

nanoparticle 

(NP) 

500 nm  

(excitation: 

385 nm) 

Donor-

acceptor 

recombination 

mechanism, 

Oxygen 

defects in 

silica network 

 

1. Organosilica NP does not 

need any thermal treatment to 

be luminescent. 

[73] 

Silica sphere High 

temperature 

annealed 

sample: up 

to 650 nm. 

High 

temperature 

annealed 

sample: up 

to 500. 

(excitation: 

337nm) 

 

Recombinatio

n mechanism 

from organic 

defects related 

to amino 

group 

1. After 800°C for 1hr, the 

organic defects are degraded 

causing removal of radiative 

emission. 

 

2. Broad excitation spectrum 

is observed after the 

calcination of 600°C for 1 

hour. 

[74] 

Mesoporous 

silica 

nanoparticles 

(MSN), 

Amorphous 

silica particle 

and silica 

xerogel 

430-450 nm 

(excitation: 

365 nm) 

oxygen-

related defect 

center 

1. Carbon impurity and E’ 

center (unpaired electron in a 

dangling bond of silicon) is 

responsible for origin of PL. 

 

2. Photoluminescence of MSN 

originates from oxygen related 

defects. 

 

3.  Amorphous silica after 

calcinations at 600°C shows 

phosphorescence. But it does 

not happen for MSN. 

 

4. Samples were calcined from 

room temperature to 1000°C. 

 

5. No PL was observed for the 

samples heated above 800°C. 

 

[75] 

 

Mesoporous 

silica  

 

1.9–2.0 eV 

(around  

 

Non bridging 

oxygen hole  

 

1. Samples were annealed in 

pure H2 at 200°C, 400°C,  

 

[76] 
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molecular  

sieve 

 

620-655  

nm) 

(excitation:  

470 nm) 

 

center  

(NBOHC):  

intrinsic  

defect in  

silica. 

 

600°C and 800°C for 30  

minutes. 

 

2. PL intensity increases with 

annealing time but decreases 

slightly above the annealing 

for 45 minutes. 

 

3. Annealing for longer period 

may change the infrastructure 

of the sample and reduce PL 

intensity. 

 

4. Heat treatment at 500°C 

around 30-45 minutes 

increases PL efficiency. 

 

MCM-41 

(mesoporous 

nanotubes) 

Blue-green 

PL: peak 

photon 

energy 2.5 

eV (around 

496 nm) for 

excitation: 

325 nm 

Red PL: 

2.19 eV 

(around 566 

nm) for 

excitation: 

325 nm 

Surface 

properties 

(generation of 

two-fold 

coordinated 

silicon 

centers, Non 

bridging 

oxygen hole 

centers) 

1. PL is related to MCM-41’s 

surface property. 

 

2. Rapid thermal annealing 

(RTA) was done on the 

samples for 30s at 200°C to 

800°C. 

 

3. RTA affects the surface 

thereby effecting PL intensity. 

[77] 

 

Siliceous 

MCM-41 

sample 

  

Around 550 

nm 

(excitation: 

441 nm) 

 

Silicon 

depleted 

defect sites 

and silanol 

contents 

 

1. Intensity of PL is inversely 

proportional to the 

temperature. 

 

2. Sample calcined at 813K 

showed strong PL band with a 

peak at 540 nm. 

 

3. Samples calcined at 1073K 

and 1323K showed weak PL. 

 

 

[78] 

Mesoporous 

sieve( MCM- 

41), Hollow   

320-800nm 

(excitation:  

300 nm) 

 Silanol 

groups and 

non- 

1. All samples were heated in 

air from room temperature to  

 

[79] 
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Mesoporous  

silica (HMS)  

and 

mesoporous  

silica 

molecular 

sieve (SBA-3) 

 

 

bridging 

oxygen hole  

centers  

(NBOHC) 

 

813K. Calcination at 813K 

happened for 6 hours. MCM- 

41 was also calcined for  

1073K and 1373K for 2 hours  

respectively. 

 

2. PL intensity decreases with 

increasing temperature. 

 

Mesoporous 

silica 

nanoparticles 

(MSN) 

450 nm 

(excitation: 

300 to 350 

nm) 

Carbon 

impurities, 

organic 

residues from 

the DDAB, 

CTAB 

1. MSN (with 

Didodecyldimethylammouniu

m bromide) was 

functionalized with APTES 

and showed luminescence 

because of calcination in the 

range of 300°C to 500°C. 

 

2. Addition of CTAB showed 

weak luminescence but 

improved the monodispersity 

of the MSN formed. 

 

[80] 

Mesoporous 

silica 

nanoparticle 

(MSN) 

420 - 600 

nm 

(excitation: 

405 nm) 

Carbon dots 

 

1. Incorporation of APTES 

into MSN after synthesis and 

annealed at 250°C for 2 hours 

caused the formation of 

carbon dots. It occurred due to 

thermal degradation of 

APTES. 

 

2. PL shows a strong 

dependence on excitation 

wavelength. 

 

3. Luminescence of carbon 

dots contains two components: 

fast (corresponded to 

fluorescence) and slow 

(corresponded to 

phosphorescence). 

 

[81] 

SiC (Porous  

surface) 

3 emission  

peaks.  

Peak1: 460  

nm, Peak 2:  

 

Combintaion  

of  

independent    

emission  

 

1. Emissions around 460 nm  

and 520 nm occurred at the  

porous layer of the surface of  

SiC particle. However, the  

 

[82] 
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520 nm and 

Peak 3: 580 

nm.  

(Excitation: 

375 nm) 

 

centers inside  

the silica 

lattice. They  

are: for peak 

1: oxygen 

vacancies. 

Peak 2: non 

bridging 

oxygen hole 

centers and 

carbon 

impurities at 

the surface. 

Peak 3: donor-

acceptor pair 

recombination                          

 

emission from peak 3 is  

related to the emission center 

located in the bulk state of the  

particles. 

 

Silica glass 

 

2.7 eV 

(around 460 

nm). 

Excitation 

wavelength: 

5 eV photon 

 

Neutral 

oxygen 

vacancy 

 

 

1. The emission band is 

attributed to the triplet state to 

ground state transition in the 

neutral oxygen vacancy 

defect. 

 

[83] 

 

Silicon 

oxycarbide 

thin films 

 

450 nm and 

(510-610 

nm). 

Excitation 

wavelength: 

3.8 eV 

(around 325 

nm) 

 

Oxygen defect 

centers 

 

1. Non bridging oxygen hole 

centers (NBOHC) and neutral 

oxygen vacancy (NOV) are 

responsible for the green-red 

(510-610 nm) and blue (450 

nm) emission respectively. 

 

[84] 

 

Silica 

monoliths 

 

Emission: 

2.0 eV-3.5 

eV (around 

355-620 

nm). 

Excitation 

wavelength: 

3.2 eV-3.5 

eV (around  

355-390  

nm) 

 

Defects 

related to the 

formation of 

bonds 

between 

silanol groups 

during 

synthesis 

process. 

 

1. Maximum emission 

intensity was observed for the 

excitation at 3.26 eV (around 

380 nm). The PL band at 2.7 

eV (around 460 nm) was 

attributed to the defects 

formed during synthesis 

process. The PL intensity 

varies but the band at 2.7 eV  

remained the same. 

 

2. Presence of organic groups   

at the surface of monolith did  

 

[85] 
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not affect PL band position. 

 

Porous silica 

fiber 

Emission: 

300-600 nm 

with  

maximum 

peak at 405 

with  255 

nm 

excitation. 

Introduction 

of carbon or 

oxygen  

related 

impurities 

and/or defects 

in the silica 

lattice. 

1. Defects related to carbon 

impurities become 

luminescent after heat  

treatment. 

[86] 
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CHAPTER 3 

 

METHODOLOGY 

 

3.1   Chemicals, Apparatus and Glassware 

 

3.1.1 Chemicals 

 

Table 3.1: Chemicals used in the synthesis of silica nanoparticles 

 

Chemical Name Chemical Formula Chemical Structure Purpose 

Cetyl trimethyl 

ammonium 

bromide [CTAB] 

(Acros Organics) 

CH3(CH2)15N 

(Br)(CH3)3 

 

Cationic 

surfactant that 

forms micelle in 

the aqueous 

solution that acts 

as a template for 

the silica 

formation. 

 

Tetra ethyl 

orthosilicate 

[TEOS] (Sigma 

Aldrich) 

Si(OC2H5)4 

 

Source of silicon. 

Acts as a 

precursor for the 

synthesis of 

silica. 

 

(3-aminopropyl) 

triethoxysilane 

[APTES] (Sigma 

Aldrich) 

H2N(CH2)3Si(OC2H5)3 

 

Organosilane; 

used for the 

modification of 

the surface of the 

synthesized 

porous silica 

nanoparticles. 

 

Hydrochloric 

Acid [HCl] 

(Merck) 

HCl 
 

Strong acid used 

for reflux 

purpose (removal 

of organic 

residues). 

 

Sodium 

Hydroxide 

[NaOH] (Ajax 

Fine Chem. Pty 

Ltd.) 

NaOH 

 

Strong base 

which adjusts the 

pH of the 

concentration 
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Ethyl alcohol 

(VWR 

Chemicals) 

 

CH3CH2OH 

 

Works as a 

solvent and also 

used for washing 

after the reaction. 

 

De-ionized Water 

(Resistivity 18.2 

MΩ.cm) 

H2O 

 

Works as a 

solvent and also 

used for washing 

after the reaction. 

 

3.1.2   Apparatus and Glassware 

 

Following apparatus were used during the synthesis of silica nanoparticles 

 

Digital analytical balance (Sartorious, CPA225D), Hotplate and magnetic stirrer (IKA-C-

MAG HS7), Vortex mixer (VORTEX-5, MDT), Ultracentrifuge (Orto Alresa, Digicen 

21R), Ultracentrifuge (mrc, CENHBN-600 ML), Ultrasonic cleaner (KUDOS, 

SK321OHP), Vacuum drying oven (DZF-6020), Temperature controller (VWR, VT-4), 

Micropipette (RAININ, CO98-440K), Furnace. 

 

Following glassware were used during the synthesis process 

 

500 mL Beaker (Schott Duran), 250 mL Beaker (Schott Duran), 100 mL Beaker (Schott 

Duran), 500 mL Conical flask (Schott Duran), 4 necked flat bottom flask (PYREX), Allihn 

Condenser (PYREX). 

 

3.2   Synthesis of Porous and Luminescent Silica Nanoparticles 

 

3.2.1.   Synthesis of Porous Silica Nanoparticles 

 

1.02 g CTAB and 0.28 g NaOH was added together in 480 mL DI water at 80◦C.  The 

mixture was kept on stirring using a magnetic stirrer. After 30 minutes (mixture was clear), 

5 mL TEOS was added to the above mixture dropwise while stirring. The stirring was 

continued for another 2 hours keeping the temperature constant at 80◦C. The temperature of 

the reaction should not go below 25◦C and should not go above 95◦C. Because 25 degree 

Celsius is the lowest temperature at which CTAB can form micelles. This temperature can 

be known as Krafft temperature [87]. Below this temperature, micelles do not form. In this 

case, 95◦C can be defined as the extreme temperature that can be achieved before boiling 

occurs. 

 After 2 hours, the conical flask was dipped into ice cool water to quench the reaction 

temperature. At this point, we observed precipitates at the bottom of the flask, which were 

collected using centrifugation 10,000 rpm for 10 minutes. Afterwards, it was washed with 

DI water for 3 times and put into vacuum oven for 24 hours at 80◦C (Sample A0). 

 

Precipitates were again re-dispersed in ethanol. It was refluxed for 24 hours in 150 mL 

ethanol and 7.5 mL HCl in order to remove the surfactants. After reflux, precipitates were 

collected via centrifugation at 10,000 rpm for 20 minutes followed by washing with DI 
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water for 3 times. Obtained sample was kept in vacuum oven for 16 hours at 80◦C. 

Resultant product is porous silica nanoparticles (Sample A1). Some amount of the resultant 

samples were calcined at different temperatures varied between 200◦C to 800◦C at the rate 

of 5◦C per minute. 

 

Table 3.2: Details of the as synthesized and calcined porous silica nanoparticles 

 

Sample  Calcination Temperature 

A0 (before reflux) uncalcined 

A1 (after reflux) uncalcined 

A2 200◦C 

A3 400◦C 

A4 600◦C 

A5 800◦C 

 

3.2.2.   Surface Modification of Synthesized Porous Silica Nanoparticles 

 

For modification purpose, 0.5g of synthesized silica nanoparticles was dispersed in 500 mL 

ethanol under ultrasonication for 1 hour. Different concentrations of APTES were added 

into the mixture and kept for 24 hours at room temperature (0.0105 mL for sample B, 0.265 

mL for sample C and 0.528 mL for sample D respectively). After 24 hours, the mixture was 

centrifuged at 10,000 rpm for 20 minutes, followed by washing with DI water for 3 times 

and drying it in the vacuum oven for 16 hours at 80◦C.  

 

3.2.2.   Synthesis of Porous and Luminescent Silica Nanoparticles 

 

The modified porous samples were calcined at temperatures 200◦C; 400◦C, 600◦C and 

800◦C in air for each concentration for 2 hours with a heating rate of 5◦C per minute for 

each concentration of samples (sample B, sample C and sample D). 

 

Table 3.3: List of modified samples 

 

Sample Wt% of APTES and Silica 

Nanoparticles 

Calcination Temperature 

B1 (0.2 g/L APTES) 20% 200 ◦C 

B2 (0.2 g/L APTES) 20% 400◦C 

B3 (0.2 g/L APTES) 20% 600◦C 

B4 (0.2 g/L APTES) 20% 800◦C 

C1 (0.5 g/L APTES) 50% 200 ◦C 

C2 (0.5 g/L APTES) 50% 400◦C 

C3 (0.5 g/L APTES) 50% 600◦C 

C4 (0.5 g/L APTES) 50% 800◦C 

D1 (1.0 g/L APTES) 100% 200 ◦C 

D2 (1.0 g/L APTES) 100% 400◦C 

D3 (1.0 g/L APTES) 100% 600◦C 

D4 (1.0 g/L APTES) 100% 800◦C 
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3.3.   Characterization Techniques and Measurement Tools 

 

3.3.1   Transmission Electron Microscopy (TEM) 

 

Particle size and morphology of the nanoparticles were characterized by transmission 

electron microscopy using high electron beam of 200 kV and beam current of 106 µA. 

Characterization was performed using the JEOL JEM-2010 transmission electron 

microscope. Samples preparation was performed by dispersing the powder samples in 

ethanol via ultrasonication. Afterwards, droplets of suspended particles were put into the 

carbon coated Cu grid. The grids were then kept into the dehumidifying chamber at room 

temperature overnight before the characterization technique.  

After getting the images, length and width of the particles were calculated using the ImageJ 

software for atleast 30-50 particles. Afterwards, a histogram was plot with the resultant 

values using the OriginPro8 software. 

 

3.3.2.   Dynamic Light Scattering (DLS) 

 

Dynamic light scattering (Malvern Zetasizer Nano) was used to investigate the particle size 

distribution. The laser wavelength of the equipment is 632.8 nm. Sample (0.1 g/L 

concentration) was prepared by dispersing the nanoparticles in a buffer solution of pH 9.4. 

The buffer solution was made mixing 100 mL 0.025 M Sodium Tetraborate [Na2B4O7. 

10H2O] (UNIVER) into 12.4 mL 0.1 M NaOH. The refractive index and viscosity of the 

solvent was kept as same as DI water; with refractive index of 1.330 and viscosity of 

0.8872. The temperature in which the characterization was performed was 25◦C. For silica 

nanoparticles, the refractive index was 1.544 and absorption of 0.000. 3 measurements were 

taken with 100 runs of 1 sec using non invasive backscattering (angle 173◦) technique. 

Sample was calibrated for 120 seconds before measurement and disposable plastic cuvette 

was used for holding the sample. 

 

3.3.3.   Pycnometry 

 

Pycnometry (gas displacement technique) was used to investigate the apparent density 

(g/cm3) of the synthesize particles. Pycnometer (Ultrapyc 1200e, Quantachrome) using 

Helium gas (99.999%) was used for performing 5 measurements in 21.8◦C temperature. 

Sample was prepared at first by weighing out an amount with 4 decimals balance. Sample 

was then filled into the micro cell with lid cover. Micro cell with lid cover was then 

inserted into the cell chamber and characterization was performed. 

 

3.3.4.   Fourier Transform Infra-red (FT-IR) Spectroscopy 

 

In our work, FT-IR spectra were obtained using Perkin Elmer Frontier FT-IR spectrometer. 

The spectra were obtained in the range from 400 cm-1 to 4000 cm-1 using attenuated total 

reflectance (ATR) technique. Powder samples were kept in the FT-IR crystal (ZnSe) and 

their spectra was obtained using the SPECTRUM software for 10 scans. 
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3.3.5.   Photoluminescence Spectroscopy 

 

FLS-980 Photoluminescence Spectrometer (Edinburgh) was used to obtain the fluorescence 

emission spectra of our synthesized nanoparticles. The characterization was performed for 

powder samples using front face sample holder. Xe1 Xenon arc lamp (450 W, ozone free) 

was used as an excitation source along with R928P as a photomultiplier tube which has 

wavelength coverage of 200 nm to 870 nm. The emission spectra was obtained using 

excitation wavelength of 380 nm. Emission spectra were acquired in the 390 nm – 800 nm 

wavelength range. The integration time during the characterization was kept at 0.1 seconds. 

The obtained intensity vs. wavelength curve was deconvoluted using the Origin Pro8 

software. 

 

3.3.6.   X-ray Photoelectron Spectroscopy (XPS) 

 

In our thesis, the surface composition of our samples were investigated using X-ray 

photoelectron spectroscopy (JEOL JPS 9010 MC Spectrometer) technique using MgKα 

(1253.6 eV) radiation. The applied power was 10 kV and 10 mA. Sample was prepared by 

spreading the powder sample into a carbon tape stuck to the sample holder. Sample holder 

was then placed into the sample exchange chamber where the vacuum pressure was kept < 

4.0 × 10-4 Pa. Analysis was performed when the pressure in the analysis chamber was kept 

< 8.0 × 10-7 Pa. Narrow scan was used for characterizing the samples in order to obtain the 

intensity vs. binding energy curves using the Acquisition software. 

 

The intensity vs. binding energy curves were further calibrated using the CasaXPS software 

in order to obtain the true binding energy of the samples. The curves are added in the 

Appedix C section of this report. 

 

Baseline correction was performed in the obtained intensity vs. binding energy curves. 

Afterwards, normalized intensity of C1s peak for all the samples was calculated. 

Afterwards the normalized intensity of the rest of the samples was calculated with respect 

to this C1s peak. Finally, the normalized intensities of the samples were plotted with 

respect to calcination temperature giving us the normalized intensity vs. calcination 

temperature curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 

 

CHAPTER 4 

 

RESULTS AND DISCUSSION 

 

4.1    Morphology and Particle Size Distribution (TEM and DLS Results) 

 

4.1.1   Transmission Electron Microscopy (TEM) Results 

 

The particle shape, size and morphology were investigated using transmission electron 

microscopy (TEM) for the unmodified samples. The results are given below 

 

i. Unmodified and uncalcined sample before reflux (Sample A0) 

 

    
 

Figure 4.1: TEM images and selected area electron diffraction (SAED) pattern of 

unmodified sample before reflux at different magnifications 

 

ii. Unmodified and uncalcined sample after reflux (Sample A1) 

 

  
 

Figure 4.2: TEM images and selected area electron diffraction (SAED) pattern of 

unmodified sample after reflux at different magnifications 

 

100 nm 
50 nm 

100 nm 
50 nm 
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iii. Unmodified and calcined at 600◦C temperature (Sample A4) 

 

 
 

Figure 4.3: TEM images and selected area electron diffraction (SAED) pattern of 

unmodified sample calcined at 600◦C and at different magnifications 

 

From the figures above, it could be visible that the particles are porous. The SAED exhibits 

that all particles are amorphous. 
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Histogram of the particle sizes (length and width) of our samples are given below     

 

 
Figure 4.4:  Histograms of frequency vs. width (left) and frequency vs. length (right) 

of unmodified and uncalcined sample (before reflux) 
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Figure 4.5: Histograms of frequency vs. width (left) and frequency vs. length (right) of 

unmodified and uncalcined sample (after reflux) 
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Figure 4.6: Histograms of frequency vs. width (left) and frequency vs. length (right) of 

unmodified and calcined sample (600◦C calcination temperature) 

 

From, the histograms above, it can seen that the width of the unmodified samples before 

reflux 50-130 nm with majority of particles around 60-90 nm range. In terms of length of 

the particles, the range is between 50-160 nm. Similar distributions were observed in terms 

of length and width for samples after reflux and the samples calcined at 600◦C temperature. 

Therefore, it can be said that the reflux and the calcination process did not affect much on 

the size of the particles. In general, all the histograms showed the width of the particles 

were in the range between 30-100 nm and the length of the particle in the 40-160 nm range. 

However, in terms of the porosity of the particles, we can observe striations in the as-

synthesized samples in all the TEM images. However, not much information about this 

phenomenon is mentioned in the literature. Therefore, further investigation is needed in this 

regard. 

 

The rest of the TEM images of the unmodified samples and modified samples (0.5 g/L 

APTES) are included in the Appendix A section of this thesis. 

 

The reaction process is attributed to the interaction that occurred between the micelles and 

silica precursor causing the synthesized particle to have a porous structure. The hydrolysis 

and condensation reaction of the silica source (TEOS) happened on the surface of the 

micelles which were formed because of the self-assembly of surfactant (CTAB) in aqueous 

solution. When CTAB is added into the water, it self-assembles and forms micelle like 
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structures. The head group of the micelles is composed of quaternary ammonium salt and it 

is positively charged. The core of the micelles is composed of hydrophobic hydrocarbon 

tails. TEOS; which is used as a silica source is oil like substance. So, after the addition of 

TEOS, it gets absorbed into the hydrophobic core of the micelles causing it to enlarge. As 

the core the micelle is also oil like structure, TEOS molecule can move freely there. 

 

Water molecules are present at the interface of hydrocarbon core and water. Hydrolysis of 

TEOS can occur at this interface. Negatively charged hydrolyzed silica monomers can be 

adsorbed into the positively charged CTAB micelles through electrostatic interaction; 

causing the micelle to shrink. The hydrolysis and condensation reactions will occur 

simultaneously. A silica shell will be formed around the micelle structure when the silica 

monomers are released from the core of the micelle structure. Shrinking of the micelles will 

continue until all of the TEOS is hydrolyzed. Aggregation of neighboring micelles with 

silica shell will form nuclei for the growth of the particle. Due to the continuous hydrolysis 

and condensation reaction, growth of the nuclei will continue. After the removal of the 

surfactant, silica nanoparticle will have a porous structure. 

 

According to the literature [46], MCM-41 silica was synthesized using a basic medium 

which had controllable morphologies. The synthesized nanoparticles had spherical or 

elongated spherical shape. The features that were present in the nanoparticles were: the 

particles had hexagonal array and streak structural features. 

 

Formation of the porous silica nanoparticles began with nucleation. In this process, the 

interaction between silica and surfactant occurred. This interaction initiated the formation 

of micelles of rod-like structures. According to their explanation, when surfactant and 

inorganic solutions were mixed together, ion change of silicate monomers occurred 

(between Br- and OH- anion) and formation of inorganic-organic self-assembled silicate 

micelles happened. Length of the silicate rod-like micelles were determined based on the 

catalyst (NaOH or NH4OH). Shorter micelles were favored by NaOH or longer micelles 

were favored by NH4OH. 

 

Silicate oligomers were present in the surface. Thus the curvature of the formed micelle 

was based on the ratio of the interaction between the silicate oligomers to the hydrocarbon 

chains. The hydrocarbon chains were resulted from the Van der Waals forces. The 

interaction between the silicate oligomers among the surface in NaOH medium was weaker 

than NH4OH, thus shorter micelles were formed. Electrostatic interaction occurred among 

the rod like micelles. Further condensation process favored the micelle deposition process. 

Hence, it can be said that the formation mechanism based on the deposition of self-

assembled silicate rod-like micelles were responsible of the obtained morphology in our 

samples. 

 

 

 

 

 

 

 



43 

 

4.1.2.   Dynamic Light Scattering (DLS) Results 

 

The results obtained from the DLS measurement were not consistent and showed very high 

polydispersity index. Particles might have agglomerated and that might be a reason behind 

the inconsistent results. Readings obtained for those samples varied between 500 nm, 800 

nm to even around 1000 nm indicating the inconsistency of the readings. Hence, particle 

size and size distribution from those DLS results are not included in this thesis work. 

However, the TEM images included above gave us the information in terms of the size of 

the particles. 

 

The particle size (Z-average) obtained by dynamic light scattering (DLS) for 3 

measurements for unmodified and uncalcined sample are: 146.7 nm, 148.7 and 149.1 nm 

respectively with an average particle size of 148.2 nm and the standard deviation is 1.28. 

Particle size distributions of the 3 measurements are 

 

 
Figure 4.7: Particle size distribution (intensity distribution) of unmodified and 

uncalcined sample for 3 measurements using DLS 

 

The z- average value obtained from the unmodified and uncalcined samples were consistent 

with results obtained from the TEM.  
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4.2   Investigation of Porosity (Pycnometry Results) 

 

In order to investigate the porosity of the as synthesized silica nanoparticles, we carried out 

experiments using pycnometry to estimate the apparent density of the nanoparticles 

obtained from different synthesis conditions (change of calcination temperature).  

 

Table 4.1: The apparent density of various porous silica nanoparticles obtained from 

pycnometry measurements 

 

Sample Name  Average Apparent Density 

(g/cm3) 

Standard Deviation (SD) 

[for 5 sets of experiments] 

A0 (Before Reflux) 1.3129 0.0012 

A1 (After Reflux) 1.8136 0.0135 

A2 ( Calcined at 200◦C) 1.8601 0.0028 

A3 (Calcined at 400◦C) 2.0905 0.0025 

A4 (Calcined at 600◦C) 2.2653 0.0182 

A5 (Calcined at 800◦C) 2.2824 0.0042 

 

Plotting the apparent density in terms of column bar will give us the following curve 

 

 
Figure 4.8: Column bar of apparent density for unmodified samples at different 

temperatures 

 

In the above diagram, A0 is sample before reflux, A1: sample after reflux, A2: sample 

calcined at 200◦C, A3: sample calcined at 400◦C, A4: sample calcined at 600◦C and A5: 

sample calcined at 800◦C. 

 

From the data, we can see that there is big difference in values in terms of sample before 

reflux (A0) and sample after reflux (A1). This indicates, that after reflux, a large number of 

organic molecules are removed, making the sample pore porous. From, sample calcined at 
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200◦C (A2) to sample calcined at 800◦C (A5), we see a linear trend; as in as the calcination 

temperature is increased, the apparent density is also increased. 

 

According to literature [88], porosity of the aerogel silica sample was calculated based on 

the following equation: 

 

Porosity = (1- 
ρa

ρs
) x 100% 

In this equation, porosity can be calculated using the apparent density or bulk density (ρa) 
and skeletal density or true density (ρs). The skeletal density of silica aerogel in this study 

was mentioned to be around 2.2 g/cm3.  

 

Using this equation, for our powdered samples, we can calculate the percentage of porosity. 

The porosity (%) of our samples is 40.9%, 18.2%, 13.6% and 4.50% for samples before 

reflux (A1), after reflux (A1 ), samples calcined at 200◦C (A2) and samples calcined at 

400◦C (A3). But for samples calcined at 600◦C and samples calcined at 800◦C, the apparent 

density becomes similar to the skeletal density. It indicated that as the calciantion 

temperature increased, due to sintering of the particles, the percentage of porosity 

decreased. 

 

Similar trend was showed in terms of silica aerogel and fumed silica aerogel [89]. In this 

work, it was showed that the BET specific surface area, skeletal density and apparent 

density decreased for the fumed silica gel. 

 

The silica evolution microstructural evolution was explained under different calcinations 

temperature (from room temperature to 1500◦C) which showed the change of structural 

density under these calcination temperatures [90]. In the first region (room temperature to 

300◦C), pore volume (Vp) and surface area (SA) of the silica aerogel exhibited small 

variation and the structural density remained constant. For the next region (300◦C to 

850◦C), slow increase was observed in terms of pore volume and surface area. But an 

increase in density was observed which was related to weight loss. In the third region 

(850◦C to 1100◦C), small increase in the density was observed. In region IV (1100◦C-

1300◦C), less variation was observed in terms of surface area and pore volume. The value 

of structural density is increased and it went higher than the melted glass. This indicated the 

formation of a defect-free structure containing small pores. And finally, for the last region 

(1300◦C to 1500◦C) decrease in density was observed; which indicated the beginning of a 

phase change in the material. So, in summary, from room temperature to 1300◦C, the 

increase of density was observed followed by its decrease after 1300◦C. 

 

Similar trend was also observed for sol-gel derived silica samples, where the samples were 

heat treated [91]. Samples showed increased of densities when the temperature was 

increased from 110◦C to 600◦C. It was attributed to the dehydroxylation of silica samples. 

But when the samples were heat treated above 800◦C, their densities decreased. It was also 

mentioned that the density was increased after the samples were heat treated above 1000◦C 

because of the structural relaxation of silica and the observed densities were around 2.5-2.6 

g/cm3. It was also mentioned in [92], density of silica synthesized using Stöber process 

goes to 2.25 g/cm3 when samples are calcined at 800◦C temperature. 
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The relation between porosity, apparent density, skeletal density and heating temperature 

was also mentioned in [93]. It was mentioned that, volume of pores decreased after 800◦C; 

therefore a sharp decrease in porosity was observed at this temperature. The bulk or 

apparent density was mentioned to be of 2.2 g/cm3. According to this literature, the porosity 

decreased with sintering whereas the bulk density increased. The bulk density continuously 

increased with the increasing heat treatment. But the trend in true or skeletal density varied 

with the heating rate. Skeletal density increased from room temperature up to 800◦C and 

even to 1000◦C but afterwards a decrease was observed. The variations in skeletal density 

were attributed to the changes in the ring structure of Si-O. 

 

Based on literature [94], porosity is influenced by calcination as it removes the water and 

organic residues. The elimination of organic groups can have two effects. One is that; by 

the removal of the organic residues, the porosity will increase by the broadening of the 

pores that are already existent. The other effect is the opposite. The organic groups might 

condense before their removal. The organic groups can condense by forming new Si-O-Si 

groups which is possible at higher calcination temperature. As the condensation process 

will increase, bonding between adjacent pore walls will decrease the porosity. This 

condensation process will be influenced by calcination temperature.  

 

Therefore, based on the above literature, it was observed, that with the increasing 

temperature (up to 800◦C), the increase in density is shown with a decrease in porosity; but 

the samples are silica gel or aerogel. Similar trend was observed in our results, where 

increasing the calcination temperature increased the apparent density even though our 

samples are in powder form. Therefore, based on the reference papers, it can be said that 

the change in density shows the presence of porosity in our particles. And the increase of 

apparent density could mean the decrease of porosity as pores could disappear with 

increased heating temperature. But the value of specific surface area, pore size and pore 

diameter will give us more information regarding the change of the porosity. In our 

samples, there is big difference between the uncalcined samples (A0 and A1). The reflux 

process removes the organic groups. As mentioned in the above literature [9], the removal 

of organic groups can have two effects: increasing the porosity and decreasing it. However, 

whether the removal of organic groups because of the reflux will have the effect as the 

removal process by calcination is not conclusive yet. But based on the equation mentioned 

in [3], it can be said that the removal of organic groups by reflux also hinders the increase 

of porosity as it increases the apparent density. More clarity on the relationship between the 

apparent density and porosity change can be given when the estimation of specific surface 

area, pore volume and pore diameter will be obtained using BET, BJH techniques. 

 

4.3   Surface Modification of Synthesized Particles (FT-IR Results) 

 

The silica nanoparticle surface was modified with APTES and the calcination of the 

modified silica nanoparticle induced the impurities in the silica lattice. The impurities acted 

as emission centers and made the particle fluorescent. Hence, the surface modification 

technique was important for the silica nanoparticles to be luminescent. Fourier Transform 

Infra-red (FT-IR) spectroscopy technique was for detection of certain functional groups and 

bonding on the surface of silica nanoparticles. 
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FT-IR spectra of all the samples (unmodified and modified) are given below 

 
 

Figure 4.9: FT-IR spectra of unmodified sample (sample A) 

 

 
 

 

Figure 4.10: FT-IR spectra of samples B1, B2, B3 and B4 (modified with 0.2 g/L 

APTES and calcined at different temperatures) 

 

Here, Sample B1 is for 200◦C, B2 for 400◦C, B3 for 600◦C and B4 for 800◦C. 
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Figure 4.11: FT-IR spectra of samples C1, C2, C3 and C4 (modified with 0.5g/L 

APTES and calcined at different temperatures) 

 

 Here, Sample C1 is for 200◦C, C2 for 400◦C, C3 for 600◦C and C4 for 800◦C. 

 

 

 
 

Figure 4.12: FT-IR spectra of samples D1, D2, D3 and D4 (modified with 1 g/L 

APTES and calcined at different temperatures) 

 

Sample C1 is for 200◦C, C2 for 400◦C, C3 for 600◦C and C4 for 800◦C. 
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For uncalcined silica nanoparticles without any APTES modification, broad bands around 

3460.14, 3217.53 (deconvoluted of peaks in the 4000-3000 cm-1 range) and 1637.99 cm-1 

represent the -OH stretching and bending vibrations of absorbed water on nanoparticle 

surface [95]. According to literatures [96, 97, 98], adsorption of primary aliphatic amines 

occurs in the 3450-3160 cm-1 range. Medium to strong adsorption occurs at 1650-1580 cm-1 

range. 3380 cm-1 and 3292 cm-1 can be attributed to asymmetric and symmetric stretching 

vibrations of –NH2 group. Band at around 3187 cm-1 can be a weak band and related to 

hydrogen bonded amine groups. Moreover, bands at 3245 cm-1 can be ascribed to the 

stretching vibration of protonated amine groups and 3124 cm-1 can be related to the 

stretching vibration of hydrogen bonded amine groups. So, the modification of silica 

nanoparticles is indicted by the presence of these bands around 3400-3200 cm-1 for the 

samples after being modified with APTES and calcined at different temperature.  

 

Small absorption peaks around 2925 and 2800 cm-1 are attributed to the asymmetric and 

symmetric stretching vibrations of the ─CH2 group which indicate the presence of organic 

impurities in silica nanoparticles (without APTES) [99]. These asymmetric and symmetric 

stretching modes are absent in the spectra of APTES modified and calcined samples. 

 

Peaks that are in the range from 500 to 1200 cm-1 represent the framework vibrations of  

the silica nanoparticle [100, 101]. For sample A, 1050.95 cm-1 is attributed to the 

asymmetric stretching vibration of Si-O-Si groups. Peaks 794.67 and 558.93 cm-1 represent 

the symmetric stretching mode of Si-O-Si group. Peak around 447.27 cm-1 occurs because 

of the bending mode of Si-O-Si group. The peaks around 600.29 and 605.20 cm-1 (for 

samples C1 and C3 respectively) indicates the defective structures of Si-O-Si network. The 

peak present at 955.96 cm-1 is because of the presence of external Si-OH groups. Peak 

around 960.30 cm-1 for Si-OH group is also present for one of the modified sample (0.2 g/L 

APTES, calcined at 200◦C). But for the rest of the modified and calcined samples (from 

sample B2 to D4), it almost disappears, indicating the modification of silica with APTES 

[102]. After modification with APTES, the siliceous structure of silica nanoparticles 

remained the same without any major changes occurring during its network formation. 

 

The detailed FTIR peak assignment is summarized in Table (1) in Appendix (B). 
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4.4   Investigation of Luminescence Properties (FLS and XPS Results) 

 

4.4.1   Fluorescence Spectroscopy Results 

 

In order to understand the luminescence property in the synthesized silica nanoparticles, 

two parameters were varied. One is APTES concentration and the other is calcination 

temperature. The samples were measured in powder form and the excitation wavelength 

was 380 nm. 

  

The fluorescence spectroscopy results of unmodified sample (Sample A): 

 
Figure 4.13: Fluorescence spectra of unmodified silica nanoparticles (without 

calcination) 

 

In case of the unmodified and uncalcined sample, strong photoluminescence was observed 

with emission peak around 440 nm. After the deconvolution of the peak, we found that the 

peak is composed of two photoluminescence bands centered at around 430 nm and 490 nm.  

The origin of the blue emission in silica is suggested by multiple researchers for the 

emission around at that wavelength [64, 65, 70, 75, 77, 80-84]. 

 

But based on the literature [70], blue emission was observed around 430 nm for silica gel 

when it was excited with 360 nm excitation wavelength. The origin of the blue emission 

was considered to be the charge transfer mechanism between oxygen and silicon atoms. 

The intensity of the blue emission increased when the gel was heated above 200◦C; started 

to decrease when heat treated at 400◦C and disappeared completely at 800◦C. A similar 

blue emission was reported for TEOS in the same paper which was used as a precursor for 

silica gel synthesis. Neutral oxygen vacancy (NOV) is an oxygen defect center in the silica 

lattice which was reported as a possible origin of blue emission from silica nanoparticles 

[82,]. Also, based on the literature [82, 83], two emission peaks appeared around 460 nm 

and 530 nm in SiC sample with porous structure. The peak at 460 nm occurred because of 

the neutral oxygen vacancy and peak at 530 nm attributed to carbon related surface defects.  
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The second photoluminescence band in unmodified sample at around 490 nm can be 

attributed to non bridging oxygen hole center (NBOHC) which is another oxygen defect 

center in the silica lattice. According to reference [84], NBOHC and NOV are two 

commonly observed oxygen defect centers in silica that play a role in luminescence in the 

green-red (510-610 nm) region and blue (450 nm) region. 

 

Fluorescence curves of the modified samples based on the change of APTES concentration 

(calcinations temperature fixed) is given below: 

 

 
Figure 4.14: Fluorescence spectra of silica nanoparticles modified with 0.2 g/L APTES 

(B), 0.5 g/L APTES (C) and 1 g/L APTES (D), calcination temperature 400◦C 

 

When the concentration of APTES was varied, change in the wavelength of the emission 

was not that evident. However, there was a change in intensity of the emission was 

observed. 
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Fluorescence curves of the modified samples based on the change of calcinations 

temperature (APTES concentration fixed) are given below 

 

 
Figure 4.15: Fluorescence spectra of silica nanoparticles modified with APTES (0.2 

g/L) followed by calcination at various temperatures 

 

 
Figure 4.16: Fluorescence spectra of silica nanoparticles modified with APTES (0.5 

g/L) followed by calcination at various temperatures 
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Figure 4.17: Fluorescence spectra of silica nanoparticles modified with APTES (1 g/L) 

followed by calcination at various temperatures 

 

For the samples B, C and D which were modified with various amounts of APTES; a 

change in the color of the samples were observed from brownish to white when they were 

calcined at 200◦C to 400◦C respectively. When the calcination temperature went above 

600◦C, samples became white again. Pictures of all samples are shown below: 

 

 
 

Figure 4.18: Images of all B Samples (modified with 0.2 g/L APTES) 

 

The images above can be described as: top [from left to right: Samples (calcined at 200◦C), 

(calcined at 400◦C) and (calcined at 600◦C).] Bottom: Sample (calcined at 800◦C) 

 

 
 

Figure 4.19: Images of all C Samples (modified with 0.5 g/L APTES) 

 

The images above can be described as: top [from left to right: Samples (calcined at 200◦C), 

(calcined at 400◦C) and (calcined at 600◦C).] Bottom: Sample (calcined at 800◦C) 
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Figure 4.20: Images of all D Samples (modified with 1 g/L APTES) 

 

The images above can be described as: top [from left to right: Samples (calcined at 200◦C), 

(calcined at 400◦C) and (calcined at 600◦C).] Bottom: Sample (calcined at 800◦C). 

 

Similar color patterns were observed for all the samples. 

 

It can be observed that, at temperatures around 200◦C to 400◦C, the APTES molecules at 

the silica nanoparticle surface decomposes but it remains at the sample surface causing a 

change of color in the sample. But as the calcinations temperature goes above 600◦C, 

organic residues start to degrade and goes away complete at 800◦C; making the color of the 

sample white again. However, more clarity regarding this behavior of the nanoparticles can 

be achieved using thermal analysis technique (TGA). 

 

The individual curves of the deconvoluted peaks of sample C are given below 

 
Figure 4.21: Deconvoluted peaks of sample C1 
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Figure 4.22: Deconvolutes peaks of sample C2 

 

 
Figure 4.23: Deconvoluted peaks of sample C3 
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Figure 4.24: Peaks of sample C4 

 

It can be observed from the above figure above that the sample has very less fluorescence 

emission intensity. 

 

For sample C1, when the sample was calcined at 200◦C, photoluminescence was observed 

around 520 nm. After deconvolution of the curve, 3 peaks were found and they were at 

452.98 nm, 508.35 nm and 580.73 nm. The peak around 580 nm was introduced after the 

modification of the silica nanoparticle with APTES and it was observed for sample C2 as 

well (around 545 nm). These peaks can be attributed to the defects introduced to the silica 

lattice because of the thermal decomposition of APTES at 200◦C. From literature [65, 67, 

71, 72, 80], it can observed that the emission property was attributed to the introduction of 

carbon and oxygen defects in the silica lattice resulting from the calcination of the 

aminopropyl groups. As the calcination temperature was increased to 600◦C, relative 

intensity of this peak with respect to peak around 440 nm was observed to decrease. It 

indicated that the organic impurities from the silica surface at higher temperatures starts to 

go away.  For sample calcined at 600◦C, only 2 peaks were detected and the peaks around 

580 nm and 545 were not detected. The curve also looked similar to that of sample A. The 

lack of luminescence intensity at 800◦C is attributed to the complete degradation of the 

organic impurities and reduction in silica lattice defects. Similar trends were observed for 

0.2 g/L APTES modified and 1 g/L APTES modified samples under different calcination 

temperatures. Deconvoluted peaks of these modified samples are included in figure 1 to 

figure 8 in the Appendix B section. 

 

As mentioned before in the literature [61], the origin of sol-gel derived silica can be 

attributed to three different mechanisms. They are: defect mechanism, charge transfer 

mechanism and carbon impurity mechanism. In our case, emission in the modified samples 

calcined at 200◦C and 400◦C can be because of the impurities introduced into the silica 

lattice through calcination process. 
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4.4.2   X-Ray Photoelectron Spectroscopy Results 

 

X- Ray photoelectron spectroscopy (XPS) gives us information about the surface 

properties. The binding energy of the unmodified and modified samples will be different 

because of the introduction of the impurities through the modification process. After 

performing XPS, we received the Si-2p peak, O1s peak, C1s peak and N 1s peak.  

 

The O1s and Si2p spectrum of our synthesized nanoparticles are given below 

 
Figure 4.25: O1s Spectrum of unmodified and uncalcined silica 

 

The peak is observed at 532.8 eV 
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Figure 4.26: O1s Spectrum of modified (0.5 g/L APTES) and calcined (200◦C 

temperature) silica 

 

The peak is observed at 532.1 eV 

 

 
Figure 4.27: Si2p spectrum of unmodified and uncalcined silica 
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The peak is observed at 103.8 eV 

 

 
 

Figure 4.28: Si-2p Spectrum of modified (0.5 g/L APTES) and calcined (200◦C 

temperature) silica  

The peak is observed at 102.8 eV. 

 

The rest of O1s and Si 2p spectra along with spectra of C1s and N1s are included in the 

Appendix C section of this thesis. 

It can be seen from the curve that the binding energies of the unmodified and modified 

silica nanoparticles. For O1s spectrum, the binding energy changed from 532.8 eV to 532.1 

eV. For Si2p spectrum, the change in binding energy was from 103.8 eV to 102.8 eV. 

 

The surface properties of the fluorescent silica nanoparticles were further investigated by 

X-ray photoelectron spectroscopy. According the literature [71, 103], the chemical states of 

unmodified silica nanoparticles and modified silica nanoparticles (using APTES) were 

characterized by XPS. The binding energies of unmodified silica nanoparticles were 103.6 

eV for silica Si2p peak and 532.8 for O1s peak. However, the binding energies decreased 

due to the change of the chemical bond on the surface of silica nanoparticles from Si-O-H 

to Si-O-Si. The binding energies of the modified sample were 102.8 eV and 532.1 eV for 

silica Si2p peak and oxygen O1s peak respectively. Si2p spectrum which consists of a peak 

centered at around 103 eV is the characteristic of the Si-O bond. 

 

Similar results were mentioned in the literature [104]. The oxygen O1s peak of the SiO2 

films was 532.6 eV and it was attributed to the Si-O bond. The Si2p spectrum was centered 

on 103.2 eV indicating a similar binding energy shift for the silica. 
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According to the literature [33], effects of different amounts of APTES were investigated in 

terms of physiochemical properties of amino functionalized mesoporous silica 

nanoparticles. In that work, the Si2p spectrum consisted of two peaks: one centered on 103 

eV and another at 102.2 eV which attributed to the silicon dioxide and aminosilane on 

silicon dioxide respectively. 

 

Binding energy around 532 eV and 103 eV for O1s and Si2p was further mentioned in the 

literature [106, 107]. According to [108], silica nanotube flakes were prepared which had 

bright visible photoluminescence using the sol-gel method. The XPS results showed Si2p 

binding energy of 103.6 eV and O1s binding energies of 531.6 eV and 530.0 eV. The 531.6 

eV was because of the Si-O bond and the 530 eV was attributed to the O-H bonds. 

 

Normally the atomic concentrations of the individual components are obtained from the 

XPS curve. In order to do so, wide scan method is performed which gives us the % atomic 

concentration based on the spectrum. As we performed narrow scan for all the samples, it 

was difficult to find the %atomic concentration. Thus after performing baseline correction 

and normalizing the intensity of Si, O with respect to C, normalized intensity vs. 

calcinations temperature curves are obtained. Instead of % atomic concentration, we will 

use the normalized intensity value of the Si2p and O1s spectrum to understand the Si-O 

bond. 
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The normalized intensity of Si2p spectrum and O1s spectrum of the modified samples were 

obtained with respect to C1s peak and it was plotted with respect to different calcination 

temperatures. 

 

The curves are shown below 

 

 
 

Figure 4.29: Normalized intensity of vs. calcination temperature variation of Si 2p 

peak and O1s peak at different calcination temperatures (200◦C to 800◦C) for all B 

samples (B1, B2, B3 and B4) 
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Figure 4.30: Normalized intensity vs. calcination temperature variation of Si 2p peak 

and O1s peak at different calcination temperatures (200◦C to 800◦C) for all C samples 

(C1, C2, C3 and C4) 
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Figure 4.31: Normalized intensity vs. calcination temperature variation of Si 2p peak 

and O1s peak at different calcination temperatures (200◦C to 800◦C) for all D samples 

(D1, D2, D3 and D4) 

 

It can be observed from the curves above, as the calcination temperature increases from 

200◦C to 400◦C, the relative intensity of the Si-O peak starts to decrease indicating an 

increase in impurity concentration in silica lattice. Since, up to 400◦C, APTES decomposes, 

the impurities increase and at this point the highest luminescence intensity is observed 

(observed from the fluorescence spectroscopy results) and we see a decrease in the Si-O 

normalized intensity. Highest fluorescence emission intensity was observed when the 

modified samples were calcined at 400◦C temperature. As the temperature is increased 

further (600◦C and above), the organic residue starts to go away causing the Si-O peak 

intensity to increase again.  
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O1s peak also shows the similar trend. This behavior is observed for all the modified 

samples (B, C and D). However, more clarity regarding the trend for Nitrogen samples (B, 

C and D) can be achieved once we can determine the amount of mass change over the 

given temperature range (200◦C to 800◦C). Thus, thermal analysis characterization 

techniques need to be performed. 

 

It can be said that the impurities introduced into the silica lattice because of the calcination 

of aminopropyl groups is of great significance for luminescence with the highest intensity. 

However, nature of the defects caused into the silica lattice because of these impurities is 

very complex and can vary from sample to sample depending on the sample preparation 

conditions. 
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CHAPTER 5 

 

CONCLUSION AND FUTURE RECOMMENDATIONS 

 

In summary, porous silica nanoparticles were synthesized in aqueous medium using CTAB 

as a template during the growth of the nanoparticles and the mechanism of their 

luminescent behavior was studied. The synthesis process was based on the interaction 

between the silica precursor (TEOS) and surfactant (CTAB); where the deposition of the 

self-assembled silicate micelles was necessary for the formation of the particles. The size of 

the nanoparticles was in the range between 50-160 nm which is consistent with the 

literature.  

 

The apparent density of the synthesized particles was estimated based on the He-

pycnometry technique which can be directly correlated with the porosity of the particles. 

The results showed an increase in the apparent density with the increase in calcination 

temperature; indicating a decrease in porosity. Although, the pycnometry results did not 

give us clarity in terms of specific surface area or pore size distributions of the 

nanoparticles, it did however help to explain that the synthesized particles has porosity. 

This was further validated by the TEM images. 

 

The surface modification of the silica nanoparticles was further done using APTES in order 

to introduce luminescent properties. After the modification process, calcination of the 

samples induced luminescent centers in the silica nanoparticles making them fluorescent in 

the visible range. The modification and fluorescence properties were investigated using the 

FT-IR, FLS and XPS techniques. FT-IR results show that the surface of the silica 

nanoparticles was successfully modified by APTES based on the presence of symmetric 

and asymmetric stretching of –NH2 group around the 3400 cm-1 band. The absence of band 

around 960 cm-1; attributed to the external Si-OH groups, for the modified samples showed 

that the silica surface was modified with the silane. 

 

The main origin of the luminescent mechanism in our samples was the introduction of 

carbon and oxygen defects through the calcination of the modified silica nanoparticles 

which showed emission in the visible region. However, unmodified silica nanoparticles 

also showed fluorescence emission in the blue region indicating that intrinsic defects (non 

bridging oxygen hole center, neutral oxygen vacancy) in silica is another reason for the 

luminescence in silica nanoparticles. Thus, the fluorescence emission curve received for the 

modified samples was based on the combined action of the intrinsic defects in silica and the 

impurities introduced through the calcination process. 

 

In this study, many characterization techniques were studied and finding a correlation 

between the techniques were challenging. However, more characterization techniques have 

to be performed in order to have a better clarity in terms of understanding the luminescent 

property in silica nanoparticles. Different literatures presented different origins for 

luminescent property of silica nanoparticles. Thus thermal analysis techniques such as 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) will give us 

better understanding about the mechanism. As, the contribution of nitrogen in the 



66 

 

fluorescent behavior of silica could not explained in terms of XPS analysis, these thermal 

analysis techniques will shed some light on this matter. 

 

Another most important characterization technique that has to be performed is BET which 

would give us the specific surface area of the samples. BJH will give us the value of the 

pore size of the particles. By performing these techniques, we will actually know how the 

pore size changed with respect to calcination temperature.  

 

The size of the nanoparticles was not put into focus much in our study. Hence, as future 

recommendation, various parameters have to be changed to see their effect on the particle 

size and shape. These parameters include: reaction temperature, concentration of surfactant 

and silica precursor, pH of the solution. By changing the size of the particles, its 

luminescent properties will have to be investigated in order to see the relation between 

particle size and its luminescence behavior. Same goes for porosity. The relationship 

between the particle porosity and luminescence will also have to be investigated.  

 

These fluorescent and porous nanoparticles can be of potential use in various biomedical 

applications. Thus the controlled synthesis process and proper understanding on the 

luminescence properties are needed for these nanoparticles to be eligible for the 

applications in the desired field. 
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APPENDIX A 

 

TEM images of the unmodified porous silica nanoparticles calcined at different 

temperatures are shown below 

 

  
 

Figure 1: TEM images of unmodified porous silica nanoparticles calcined at 200◦C 

(Sample A2) 

 

 
 

Figure 2: TEM images of unmodified porous silica nanoparticles calcined at 400◦C 

(Sample A3) 
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Figure 3: TEM images of unmodified porous silica nanoparticles calcined at 800◦C 

(Sample A5) 

 

TEM images of the modified (0.5 g/L APTES) porous silica nanoparticles calcined at 

different temperatures are shown below 

 

 
 

Figure 4: TEM images of modified porous silica nanoparticles calcined at 200◦C 

(Sample C1) 
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Figure 5: TEM images of modified porous silica nanoparticles calcined at 400◦C 

(Sample C2) 

 

 
 

Figure 6: TEM images of modified porous silica nanoparticles calcined at 600◦C 

(Sample C3) 
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Figure 7: TEM images of modified porous silica nanoparticles calcined at 800◦C 

(Sample C4).  

 

The size of the obtained silica nanoparticles were the in the same range as mentioned in 

Chapter  

4. The striations were visible for the modified (0.5 g/L APTES) porous particles 

irrespective of their surface modification with APTES. 
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APPENDIX B 

 

1.   Fourier Transform Infra-red (FT-IR) Spectroscopy Results 

 

Table 1: The infrared bands and assignments of the samples (modified and 

unmodified) obtained from FT-IR 

 

Bands (cm-1) 

A B1 B2 B3 B4 C1 C2 C3 C4 D1 D2 D3 D4 Assig

nment
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346

0.1

4 

and 
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3 
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4 4 4 4 4 4 4 tion 

band 
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and 
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and 
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O-Si 
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mode 

of Si-
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The IR spectra obtained in the range 3400-3200 cm-1 and 2000-1000 cm-1 were 

denconvoluted using the originPro 8 software and mentioned in the table above. 
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2.   Fluorescence Spectroscopy Results: 

 

Deconvoluted spectra of modified (0.2 g/L APTES and 1 g/L APTES) samples at different 

calcination temperatures is given below: 

 
Figure 1: Deconvoluted peaks of modified (0.2 g/L APTES) and calcined (200◦C) 

sample (B1) 

 
Figure 2: Deconvoluted peaks of modified (0.2 g/L APTES) and calcined (400◦C) 

sample (B2) 
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Figure 3: Deconvoluted peaks of modified (0.2 g/L APTES) and calcined (600◦C) 

sample (B3) 

 
Figure 4: Peak of modified (0.2 g/L APTES) and calcined (200◦C) sample (B4) 
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Figure 5: Deconvoluted peaks of modified (1 g/L APTES) and calcined (200◦C) sample 

(D1) 

 
Figure 6: Deconvoluted peaks of modified (1 g/L APTES) and calcined (400◦C) sample 

(D2) 
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Figure 7: Deconvoluted peaks of modified (1 g/L APTES) and calcined (600◦C) sample 

(D3) 

 
Figure 8: Peak of modified (1 g/L APTES) and calcined (800◦C) sample (D4) 
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APPENDIX C 

 

The intensity vs. binding energy curve of C1s peak of all the samples are given below 

 
 

Figure 1: C1s peak of unmodified and uncalcined sample (Sample A) 

 

 
Figure 2: C1s peak of modified (0.2 g/L APTES) and calcined (200◦C) samples 

(sample B1) 
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Figure 3: C1s peak of modified (0.2 g/L APTES) and calcined (400◦C) sample (Sample 

B2) 

 

 
 

Figure 4: C1s peak of modified (0.2 g/L APTES) and calcined (600◦C) sample (Sample 

B3) 
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Figure 5: C1s peak of modified (0.2 g/L APTES) and calcined (800◦C) sample (Sample 

B4) 

 

 
Figure 6: C1s peak of modified (0.5 g/L APTES) and calcined (200◦C) sample (Sample 

C1) 
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Figure 7: C1s peak of modified (0.5 g/L APTES) and calcined (400◦C) sample (Sample 

C2) 

 
Figure 8: C1s peak of modified (0.5 g/L APTES) and calcined (600◦C) sample (Sample 

C3) 
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Figure 9: C1s peak of modified (0.5 g/L APTES) and calcined (800◦C) sample (Sample 

C4) 

 

 
Figure 10: C1s peak of modified (1 g/L APTES) and calcined (200◦C) sample (Sample 

D1) 
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Figure 11: C1s peak of modified (1 g/L APTES) and calcined (400◦C) sample (Sample 

D2) 

 

 
Figure 12: C1s peak of modified (1 g/L APTES) and calcined (600◦C) sample (Sample 

D3) 
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Figure 13: C1s peak of modified (1 g/L APTES) and calcined (800◦C) sample (Sample 

D4) 

 

Table 1: List of the above binding energy of all the samples 

 

Sample name Binding energy (eV) 

 

Sample A (unmodified and uncalcined) 285.378 

Sample B1 (modified with 0.2 g/L APTES, 

calcined at 200◦C) 

284.926 (peak 1) 

289.144 (peak 2) 

Sample B2 (modified with 0.2 g/L APTES, 

calcined at 400◦C) 

284.793 

Sample B3 (modified with 0.2 g/L APTES, 

calcined at 600◦C) 

284.752 

Sample B4 (modified with 0.2 g/L APTES, 

calcined at 800◦C) 

284.748 

Sample C1 (modified with 0.5 g/L APTES, 

calcined at 200◦C) 

285.022 

Sample C2 (modified with 0.5 g/L APTES, 

calcined at 400◦C) 

284.822 

Sample C3 (modified with 0.5 g/L APTES, 

calcined at 600◦C) 

284.783 

Sample C4 (modified with 0.5 g/L APTES, 

calcined at 800◦C) 

284.732 (peak 1) 

288.071 (peak 2) 

Sample D1 (modified with 1 g/L APTES, 

calcined at 200◦C) 

284.876 

Sample D2 (modified with 1 g/L APTES, 

calcined at 400◦C) 

284.814 

Sample D3 (modified with 1 g/L APTES, 284.810 
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calcined at 600◦C) 

Sample D4 (modified with 1 g/L APTES, 

calcined at 800◦C) 

284.784 

 

The intensity vs. binding energy curve of O1s peak of all the samples are given below 

 

 
Figure 14: O1s peak of unmodified and uncalcined sample (Sample A) 

 

 
Figure 15: O1s peak of modified (0.2 g/L APTES) and calcined (200◦C) sample 

(Sample B1) 
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Figure 16: O1s peak of modified (0.2 g/L APTES) and calcined (400◦C) sample 

(Sample B2) 

 

 
Figure 17: O1s peak of modified (0.2 g/L APTES) and calcined (600◦C) sample 

(Sample B3) 
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Figure 18: O1s peak of modified (0.2 g/L APTES) and calcined (800◦C) sample 

(Sample B4) 

 

 
Figure 19: O1s peak of modified (0.5 g/L APTES) and calcined (200◦C) sample 

(Sample C1) 
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Figure 20: O1s peak of modified (0.5 g/L APTES) and calcined (400◦C) sample 

(Sample C2) 

 

 
 

Figure 21: O1s peak of modified (0.5 g/L APTES) and calcined (600◦C) sample 

(Sample C3) 
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Figure 22: O1s peak of modified (0.5 g/L APTES) and calcined (800◦C) sample 

(Sample C4) 

 

 
Figure 23: O1s peak of modified (1 g/L APTES) and calcined (200◦C) sample (Sample 

D1) 
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Figure 24: O1s peak of modified (1 g/L APTES) and calcined (400◦C) sample (Sample 

D2) 

 

 

 
Figure 25: O1s peak of modified (1 g/L APTES) and calcined (600◦C) sample (Sample 

D3) 
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Figure 26: O1s peak of modified (1 g/L APTES) and calcined (800◦C) sample (Sample 

D4) 

 

Table 2: List of the above binding energy of all the samples 

 

Sample name Binding energy (eV) 

 

Sample A (unmodified and uncalcined) 532.755 (peak 1) 

534.994 (peak 2) 

Sample B1 (modified with 0.2 g/L APTES, 

calcined at 200◦C) 

532.118 (peak 1) 

534.513 (peak 2) 

Sample B2 (modified with 0.2 g/L APTES, 

calcined at 400◦C) 

532.117 (peak 1) 

534.538 (peak 2) 

Sample B3 (modified with 0.2 g/L APTES, 

calcined at 600◦C) 

532.101 (peak 1) 

534.284 (peak 2) 

Sample B4 (modified with 0.2 g/L APTES, 

calcined at 800◦C) 

532.100 (peak1 ) 

534.234 (peak 2) 

Sample C1 (modified with 0.5 g/L APTES, 

calcined at 200◦C) 

532.173 (peak 1) 

534.398 (peak 2) 

Sample C2 (modified with 0.5 g/L APTES, 

calcined at 400◦C) 

532.094 (peak 1) 

534.254 (peak 2) 

Sample C3 (modified with 0.5 g/L APTES, 

calcined at 600◦C) 

532.086 (peak 1) 

534.196 (peak 2) 

Sample C4 (modified with 0.5 g/L APTES, 

calcined at 800◦C) 

532.073 (peak 1) 

534.172 (peak 2) 

Sample D1 (modified with 1 g/L APTES, 

calcined at 200◦C) 

532.136 (peak 1) 

535.03 (peak 2) 

Sample D2 (modified with 1 g/L APTES, 

calcined at 400◦C) 

532.124 (peak1 ) 

534.378 (peak 2) 
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Sample D3 (modified with 1 g/L APTES, 

calcined at 600◦C) 

532.092 (peak 1) 

534.276 (peak 2) 

Sample D4 (modified with 1 g/L APTES, 

calcined at 800◦C) 

532.081 (peak 1) 

534.158 (peak 2) 

 

The intensity vs. binding energy curve of Si-2p peak of all the samples are given below 

 

 
 

Figure 27: Unmodified and uncalcined sample (Sample A) 

 

 

 
Figure 28: Si-2p peak of modified (0.2 g/L APTES) and calcined (200◦C) sample 

(Sample B1) 
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Figure 29: Si-2p peak of modified (0.2 g/L APTES) and calcined (400◦C) sample 

(Sample B2) 

 

 
Figure 30: Si-2p peak of modified (0.2 g/L APTES) and calcined (600◦C) sample 

(Sample B3) 
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Figure 31: Si-2p peak of modified (0.2 g/L APTES) and calcined (800◦C) sample 

(Sample B4) 

 

 
Figure 32: Si-2p peak of modified (0l5 g/L APTES) and calcined (200◦C) sample 

(Sample C1) 
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Figure 33: Si-2p peak of modified (0.5 g/L APTES) and calcined (400◦C) sample 

(Sample C2) 

 

 
Figure 34: Si-2p peak of modified (0.5 g/L APTES) and calcined (600◦C) sample 

(Sample C3) 
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Figure 35: Si-2p peak of modified (0.5 g/L APTES) and calcined (800◦C) sample 

(Sample C4) 

 

 
 

Figure 36: Si-2p peak of modified (1 g/L APTES) and calcined (200◦C) sample 

(Sample D1) 
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Figure 37: Si-2p peak of modified (1 g/L APTES) and calcined (400◦C) sample 

(Sample D2) 

 

 
 

Figure 38: Si-2p peak of modified (1 g/L APTES) and calcined (600◦C) sample 

(Sample D3) 
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Figure 39: Si-2p peak of modified (1 g/L APTES) and calcined (800◦C) sample 

(Sample D4) 

 

Table 3: List of the above binding energy of all the samples 

 

Sample name Binding energy (eV) 

 

Sample A (unmodified and uncalcined) 103.705 (peak 1) 

100.425 (peak 2) 

Sample B1 (modified with 0.2 g/L APTES, 

calcined at 200◦C) 

102.869 (peak 1) 

101.284 (peak 2) 

Sample B2 (modified with 0.2 g/L APTES, 

calcined at 400◦C) 

102.786 (peak1 ) 

99.89     (peak 2) 

Sample B3 (modified with 0.2 g/L APTES, 

calcined at 600◦C) 

102.764 (peak 1) 

98.579    (peak 2) 

Sample B4 (modified with 0.2 g/L APTES, 

calcined at 800◦C) 

102.691  

Sample C1 (modified with 0.5 g/L APTES, 

calcined at 200◦C) 

102.797 

Sample C2 (modified with 0.5 g/L APTES, 

calcined at 400◦C) 

102.730 (peak 1) 

101.340 (peak 2) 

99.48     (peak 3) 

Sample C3 (modified with 0.5 g/L APTES, 

calcined at 600◦C) 

102.707  

Sample C4 (modified with 0.5 g/L APTES, 

calcined at 800◦C) 

102.674  

Sample D1 (modified with 1 g/L APTES, 

calcined at 200◦C) 

102.881 

Sample D2 (modified with 1 g/L APTES, 102.804 
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calcined at 400◦C) 

Sample D3 (modified with 1 g/L APTES, 

calcined at 600◦C) 

102.782 

Sample D4 (modified with 1 g/L APTES, 

calcined at 800◦C) 

102.755 

 

The intensity vs. binding energy curve of N1s peak of all the samples are given below  

 
 

Figure 40: N1s peak of unmodified and uncalcined sample (Sample A)

 
 

Figure 41: N1s peak of modified (0.2 g/L APTES) and calcined (200◦C) sample 

(Sample B1) 
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Figure 42: N1s peak of modified (0.2 g/L APTES) and calcined (400◦C) sample 

(Sample B2) 

 

 
Figure 43: N1s peak of modified (0.2 g/L APTES) and calcined (600◦C) sample 

(Sample B3) 
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Figure 44: N1s peak of modified (0.2 g/L APTES) and calcined (800◦C) sample 

(Sample B4) 

 

 
 

Figure 45: N1s peak of modified (0.5 g/L APTES) and calcined (200◦C) sample 

(Sample C1) 
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Figure 46: N1s peak of modified (0.5 g/L APTES) and calcined (400◦C) sample 

(Sample C2) 

 

 

 
 

 

Figure 47: N1s peak of modified (0.5 g/L APTES) and calcined (600◦C) sample 

(Sample C3) 
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Figure 48: N1s peak of modified (0.5 g/L APTES) and calcined (800◦C) sample 

(Sample C4) 

 

 
 

Figure 49: N1s peak of modified (1 g/L APTES) and calcined (200◦C) sample (Sample 

D1) 
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Figure 50: N1s peak of modified (1 g/L APTES) and calcined (400◦C) sample (Sample 

D2) 

 

 
 

Figure 51: N1s peak of modified (1 g/L APTES) and calcined (600◦C) sample (Sample 

D3) 
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Figure 52: N1s peak of modified (1 g/L APTES) and calcined (800◦C) sample (Sample 

D4) 

 

Table 4: List of the above binding energy of all the samples 

 

Sample name Binding energy (eV) 

 

Sample A (unmodified and uncalcined) 399.2 (peak 1) 

400.5 (peak 2) 

Sample B1 (modified with 0.2 g/L APTES, 

calcined at 200◦C) 

399.185 (peak 1) 

400.588 (peak 2) 

Sample B2 (modified with 0.2 g/L APTES, 

calcined at 400◦C) 

399.111 (peak 1) 

400.096 (peak 2) 

Sample B3 (modified with 0.2 g/L APTES, 

calcined at 600◦C) 

399.108 (peak1) 

400.195 (peak 2) 

Sample B4 (modified with 0.2 g/L APTES, 

calcined at 800◦C) 

399.079 (peak 1) 

400.471 (peak 2) 

Sample C1 (modified with 0.5 g/L APTES, 

calcined at 200◦C) 

399.159 (peak 1) 

400.399 (peak 2) 

Sample C2 (modified with 0.5 g/L APTES, 

calcined at 400◦C) 

399.157 (peak 1) 

400.043 (peak 2) 

Sample C3 (modified with 0.5 g/L APTES, 

calcined at 600◦C) 

399.146 (peak 1) 

400.297 (peak 2) 

Sample C4 (modified with 0.5 g/L APTES, 

calcined at 800◦C) 

300.019 (peak1 ) 

401.264 (peak 2) 

Sample D1 (modified with 1 g/L APTES, 

calcined at 200◦C) 

399.113 (peak 1) 

400.185 (peak 2) 

Sample D2 (modified with 1 g/L APTES, 

calcined at 400◦C) 

399.094 (peak 1) 

400.300 (peak 2) 
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Sample D3 (modified with 1 g/L APTES, 

calcined at 600◦C) 

399.086 (peak 1) 

400.127 (peak 2) 

Sample D4 (modified with 1 g/L APTES, 

calcined at 800◦C) 

399.311 (peak 1) 

400.120 (peak 2) 

 

 

 


