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Abstract 

Core/shell and hollow structured nanoparticles are now attracting more and more interest in the 

field of nanotechnology, since these classes of nanoparticles have emerged at the frontier 

between materials chemistry and many other fields such as electronics, biomedical, 

pharmaceutical, optics, catalysis, and so on. The core/shell nanoparticles are highly functional 

material with modified properties, sometimes showing different properties for both the core and 

shell materials. Similarly, hollow particles are also equally important in several advanced 

applications because of their low density and high specific area and usually these particles are 

made by template or core/shell route using a sacrificial core. The synthesis of core/shell and 

hollow particles with proper control of the size and uniform shell thickness is a challenging task. 

In this project core/shell and hollow nanoparticles are synthesized in aqueous micellar media 

using different surfactants. Inorganic soft core, sulfur was used for synthesis of different hollow 

structured materials where core was removed by both calcination and dissolution in the presence 

of CS2. Wide varieties of shell materials in the form of single or double-shells such as noble 

metals (Au, Ag/Au), semiconductors (Ag2S, ZnS, Ag2S/ZnS, ZnS/Ag2S), and oxide (TiO2) are 

used for this study.  

The sulfur core particles were synthesized by well-known acid catalyzed precipitation 

reaction from sodium thiosulphate in the presence of different surfactants. Growth kinetics of 

core sulfur particles were studied in different surfactant media by varying different reaction 

parameters. As the sulfur nanoparticles are formed by a precipitation reaction, therefore, the 

overall process can be subdivided in to three steps: nucleation, growth, and particle 

agglomeration. For this process nucleation is very fast so particle size is mainly controlled by 

particle growth and agglomeration. Actually, as reaction rate is very fast the growth rate mainly 

depends on the diffusion of newborn particle from the bulk phase to surface of the nuclei. The 

growth and agglomeration rate depend on some reaction parameters, like temperature, reactant 

concentration, presence of different surfactants, surfactant concentration and also on.  

After synthesis of sulfur nanoparticles, they were coated with other materials in the form of 

core/shell nanoparticles to get hollow nanostructure after removal of core. Semiconductor 

materials especially direct semiconductors are important material for the application in optical 

imaging, biomedical, sensor and so on. Ag2S and ZnS are important direct semiconductor 
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material with band gap ~1 eV and ~3.66 eV respectively, having excellent photoelectric and 

thermoelectric properties, good chemical stability, and negligible toxicity to living organisms; 

because of these properties, Ag2S is used in various commercially available optical and 

electronic devices. This work reports an easy and novel route for the synthesis of S/AgBr, 

S/Ag2S, S/ZnS, S/Ag2S/ZnS, S/ZnS/Ag2S core/shell nanoparticles and corresponding hollow 

nanoparticles. The particles were characterized by using different instrumental techniques and 

about 67% improvement in light emission capacity in terms of quantum yield (QY) was observed 

for hollow Ag2S nanoparticles compared to solid Ag2S nanoparticles. In case of double-shell 

hollow nanoparticles (Ag2S/ZnS and ZnS/Ag2S) when ZnS was present either as inner or 

external layer the optical light emission property decreases compared to that of hollow Ag2S 

nanoparticles, but higher than the hollow ZnS nanoparticles, which in turn improve possibility of 

these particles in sensor or laser applications. The QY of this heterostructure hollow nanoparticle 

is also high when ZnS present as an external layer, additionally even the QY value also depends 

on the external ZnS layer thickness; the QY value shows a maximum (39%) when the layer 

thickness is 28.7 nm. 

Similarly, hollow Au and double-shell Ag/Au nanoparticles were also synthesized using same 

route. Hollow or heterostructure bimetallic noble metal nanoparticles are important for their 

biocompatibility, light emission, low toxicity and catalyst properties for the application in 

biomedical and catalysis. Pure noble metal Au, Ag, bimetallic composite Au-Ag nanoparticles 

were synthesized in SDBS and CTAB micellar media. The optical surface plasmon absorption 

properties of these nanoparticles were studied through UV absorption spectroscopy with the 

variation of particle size. The surface plasmon property of hollow Au and double-shell Ag/Au 

nanoparticles was also studied. The surface plasmon absorption peak of these hollow 

nanoparticles are shifted to the higher wavelength and emits light in extended visible and near 

infrared region after exciting by visible light which is an important property of these 

nanoparticles for the probable potential application in biomedical field. The light emission 

intensity of the heterostructure hollow nanoparticles is more than the pure hollow Au 

nanoparticles. 

Till now titania (TiO2) is most popular photo-catalyst used for environmental remediation as it 

is easy to synthesize and its low toxic effect. The hollow TiO2 nanospheres were also synthesized 

by sacrificial core method using sulfur as templates in conjunction with the sol–gel method 
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within SDBS micellar media. The particles were characterized by different instrumental 

techniques (DLS, UV-vis spectroscopy, fluorescence spectroscopy, TGA, FESEM, TEM, XRD, 

FT-IR, HPLC, XPS). From the results it was confirmed S doped hollow TiO2 particle were 

formed, doping of sulfur mainly takes place during the calcination process of core removal. 

Additionally formation of hollow porous structure also enhances the surface area significantly 

(318.11 m
2
/g). Doping of S results in decrease of band gap (~2.5 eV) compared to the standard 

TiO2 particles (~3.1 eV). From the applications viewpoints these particles would be extremely 

useful for the degradation of organic pollutant in solar light and dye sensitized solar cells 

because of low band gap and high surface area.  

Finally, some of these synthesized particles were tested for laboratory based applications 

such as wetting and photo-degradation. Wetting of solid especially low energy solid surface is a 

difficult task which is not easily wetted by high energy liquid like water. Here we studied the 

wetting behavior of nanofluids containing either sulfur or TiO2 on both hydrophobic (PTFE) and 

hydrophilic (glass) surfaces. The experimental results show the wettability properties of the 

nanofluids depend on both particle size and as well as the particles concentration within the 

solution. Among the different parameters, it is concluded the major factors for the wetting of 

solid surface by nanofluids are the structural disjoining pressure and the change in surface 

properties because of the particle deposition near the triple line. The material property is also 

another important factor, maximum wetting (i.e., minimum contact angle) of PTFE surface was 

obtained in hydrophilic (TiO2) nanofluids, whereas maximum dewetting (i.e., maximum contact 

angle) of glass surface was obtained in hydrophobic (S) nanofluids. Finally, degradation of 

synthetic organic dye methylene blue by S doped hollow TiO2 hollow nanoparticles was studied 

in solar light and the results showed the degradation is more compared to the solid TiO2 or 

standard Degussa P25 TiO2 particles. 

 The overall contribution of this project is the development of an easy and almost one-pot 

route for the synthesis of core/shell and hollow particles in aqueous based surfactant media 

where surfactant consumption is low (~95% less) compare to the microemulsion method. The 

use of sulfur as sacrificial soft inorganic core has not been reported before for the synthesis of 

hollow structured nanoparticles, which has several advantages for the synthesis of hollow 

particles of many important materials (metals, metal sulphides, and oxides). The core can be 

removed by both dissolution and calcination, which again makes the process more versatile.  
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1. Introduction 

Nanomaterials, by definition, are having one or more dimension in the range of nanometer 

scale (≤ 100 nm) and show novel properties from the bulk materials. Synthesis, 

characterization, and applications of nanoparticles are the important sections among the 

verities of different areas those falls under the general “nanotechnology” umbrella. The 

nanoparticles are always at the centre of attention of the researchers in the recent years as the 

transition of microparticles to nanoparticles lead to immense changes in the physical and 

chemical properties of a material. The important characteristic in the nanoscale among many 

others are: firstly, the small size particles with increased surface area to volume ratio enter 

into the domain where quantum effects are predominate. Secondly, the increasing surface 

area to volume ratio leads to an increase in dominance of the surface atoms of a particle over 

that in the interior.  

 Synthesis of nanoparticles is a complex process and there are also wide varieties of 

techniques available to produce different nanoparticles, so it is not possible to generalize all 

the synthesis techniques. Although broadly these all techniques may essentially fall into three 

categories: (i) condensation from vapor, (ii) synthesis by chemical reaction, and (iii) solid 

state process such as milling. By using the above mentioned techniques not only the pure 

nanoparticles but also the hybrid or coated nanoparticles (with hydrophilic or hydrophobic 

materials depending on the suitable applications) can be synthesized. 

 Initially the researchers have studied the single nanoparticles as the particles have much 

better properties than the bulk materials. Later, in late 1980’s some researchers found that the 

heterogeneous, composite or sandwich colloidal semiconductor particles have the better 

efficiency than the single particles; even they may also develop some new properties. 
1–3

 

Finally, during early 1990’s the researchers have synthesized concentric multilayer 

semiconductor nanoparticles to improve the property of the semiconductor materials and also 

the terminology of “core/shell” was used subsequently. 
4–6

 Similarly hollow nanoparticles are 

also important in several applications because of their higher specific surface area which was 

developed approximately one decade later. The concept of hollow nanoparticles was 

introduced in the late 1990s with the synthesis of oxides nanoparticles by sacrificial core 

removal method; later on it has been used for several other materials. 
7
 Furthermore, there is a 

gradual increase in research activity because of tremendous demand of more and more 

advanced materials to further uplift the modern technology. Simultaneously the advancement 

of the characterization instruments also helps to establish the different core/shell and hollow 
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nanostructure. A statistical data is presented in Figure 1.1 to show the increasing trend of 

published research papers in this area of synthesis and application of core/shell and hollow 

nanoparticles, collected from “Scifinder Scholar” using “core/shell nanoparticle” and “hollow 

nanoparticles” key word in April, 2013 and the Figure indicates both the fields are still in 

rapid growing stage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1. Publications per year during the periods of 2000 to 2012 on core/shell and hollow 

nanoparticles (from Scifinder Scholar database). 

 

1.1 Different Shape Nanoparticles 

The advances of new synthesis techniques make it possible to synthesize not only the 

symmetrical (spherical) shape nanoparticles but also different other shapes such as cubic, 
8–13

 

prisms, 
14,15

 hexagonal, 
8,16–18

 octahedral, 
10,19

 disc, 
20

 wire, 
21–24

 rod, 
23,25–28

 tube, 
23,29,30

 etc. 

 It has been also observed that most of the studies regarding different shape nanoparticles 

are recent. Similar to simple non-spherical nanoparticles, synthesis of different shape 

core/shell nanoparticles are also highly possible as reported in few most recent articles. 
31–35

 

The properties of nanoparticles are not only size dependent but also with the shape. As an 

example, certain properties of magnetic nanocrystals such as the blocking temperature, 

magnetic saturation, permanent magnetization are depend on particles size but the coercivity 

of nanocrystals totally depends on the particles shape because of the surface anisotropy 

effect. 
9,36

 Different shapes magnetic nanocrystals possess tremendous potentials in 

fundamental understanding of magnetism and also technological applications such as high-
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density information storage. 
9
 Other physical and chemical properties such as catalytic 

activity and selectivity, 
37,38

 electrical, 
39,40

 optical, 
41,42

 melting point 
43

 of the nanoparticles 

are also highly shape dependent. In addition, other properties such as sensitivity of Surface-

Enhanced Raman scattering (SERS) and plasmon resonance features of gold or silver 

particles are also depend on the particle morphology. 
44

 

 

1.2 Types of Core/Shell and Hollow Nanoparticles 

Nanoparticles can be categorized based on single or multiple materials to simple and 

core/shell or composite nanoparticles. In general, simple nanoparticles are made of a single 

material; whereas, composite and core/shell particles are of two or more materials. The 

core/shell type nanoparticles can be broadly defined as a core (inner material) and a shell 

(outer layer material) of different materials in close interaction, including 

inorganic/inorganic, inorganic/organic, organic/inorganic, organic/organic combinations. The 

shell material of a core/shell nanoparticle is generally chosen depending on the end use. 

 Different types of core/shell and hollow nanoparticles are schematically shown in Figure 

1.2. Concentric spherical core/shell nanoparticles are most common (Figure 1.2 a) where a 

simple spherical core particle is completely coated by the shell of different material. Different 

shape core/shell nanoparticles are also creates immense research interest because of different 

novel properties. Different shape core/shell nanoparticles are formed mostly when a core is 

nonspherical as shown in Figure 1.2 (b). The multiple core core/shell particles are formed 

when a single shell material is coated on many small core particles together as shown in 

Figure 1.2 (c). Concentric nanoshell of alternative coating of dielectric core and metal shell 

material on each other (A/B/A type) is shown in Figure 1.2 (d), where nanoscale dielectric 

spacer layers separate concentric metallic layers These types of particles are also known as 

multilayered metallodielectric nanostructures or nanomatryushka, mainly important for 

plasmonic properties. 
45–47

 The moveable core particle in a uniformed hollow shell particle 

(Figure 1.2e) is also possible to synthesize after bi-layer coating of the core material and just 

removing the first layer by using any suitable technique. Symmetric uniform shell thickness 

of hollow spherical nanoparticles are shown in Figure 1.2 (f), this is the most common shaped 

hollow nanoparticles that mostly studied by different research groups. Figure 1.2 (g) shows 

concentric multi-shell spherical hollow nanoparticles which can be synthesized through the 

formation of multi-shell core/shell nanoparticles.  
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Figure 1.2. Different core/shell and hollow nanoparticles (a) Spherical core/shell 

nanoparticles, (b) Hexagonal shape core/shell nanoparticles, (c) Multiple small core material 

coated by single shell material, (d) Nanomatryushka material, (e) Movable core with in 

hollow shell material, (f) Spherical hollow nanoparticles, (g) Multi-shell spherical hollow 

nanoparticles. 

 

1.3 Synthesis Approaches of Nanoparticles 

There are broadly two approaches, “Top-Down” and “Bottom-Up” for the synthesis of nano 

materials. The “Top-Down” approach often uses the traditional workshop or micro 

fabrication methods where externally-controlled tools are used to cut, mill and shape 

materials into the desired shape and order. For example, the common techniques are 

lithographic techniques (e.g., UV, electron or ion beam, scanning probe, optical near field),
48–

50
 laser-beam processing, 

51
 and mechanical techniques (e.g., machining, grinding, and 

polishing) 
52–55

. Whereas, “Bottom-Up” approaches, in contrast, use the chemical properties 

of the molecules to self-assemble themselves into some useful conformation. The most 

common Bottom-Up approaches are chemical synthesis, chemical vapor deposition, laser 

induced assembly (i.e., laser tapping), self-assembly, colloidal aggregation, film deposition 

and growth 
56–58

 etc. Neither the Top-Down nor Bottom-Up approach is superior at the 

moment; each has its advantages and disadvantages. However, the Bottom-Up approach can 

produce much smaller size particles and has the potential to be more cost effective in the 

future because of the advantages of absolute precision, complete control on the process, and 

minimum energy loss compare to that of Top-Down approach. Now, for the synthesis of 

core/shell and hollow nanoparticles, as ultimate control is required for uniform coating to 

achieve uniform thickness of the shell materials during the particles formation; therefore, 

Bottom-Up approach is more suitable. The combination of two approaches can also be 

utilized, such as core particles synthesized by the Top-Down approach but it can be coated by 
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Bottom-Up approach to maintained uniform and precise shell thickness. To control the 

overall size and shell thickness precisely instead of bulk media microemulsion is preferable 

as a template or nanoreactor. 

 

1.4 Importance of Core/Shell and Hollow Nanoparticles 

Core/shell and hollow nanoparticles are gradually attracting more and more investigator’s 

attention, since these nanoparticles have emerged at the frontier between materials chemistry 

and many other fields such as electronics, biomedical, pharmaceutical, optics, catalysis etc. 

The core/shell nanoparticles are highly functional material with modified properties, 

sometimes different from the both core and shell materials. The properties of the particles can 

be modified by changing either constituting materials or core to shell ratio. 
59

 Because of the 

coating of shell material, the properties of the core particle can be modified, such as reactivity 

decreases, thermal stability increases, so overall particle stability and dispersibility of the core 

particle increases. Ultimately, they show distinctive properties of varied materials together, 

especially, to manipulate the surface functions to meet diverse application requirements. 
60,61

 

The purposes of coating on the core particle are many folds, such as surface modification, 

increase the functionality, increase the stability and dispersibility, control release of core, 

reduction in consumption of precious materials and so on. Whereas, hollow nanostructured 

materials are well known for their high specific surface area and low density, as a result they 

are important in catalysis, sensor and many other applications. 

Applications of different core/shell nanoparticles are summarized in a review article by 

Karele et al.
62

 The individual studies by different researches also show the core/shell 

nanoparticles are widely used in different applications such as biomedical, 
63–65

 

pharmaceutical, 
61

 catalysis, 
60,66

 electronics, 
4,67,68

 enhancing photoluminescence, 
69–71

 

creating photonic crystals 
72

 etc. Especifically, in the biomedical field, majority of these 

particles are mainly used for bioimaging, 
64,73–76

 control drug release, 
73,77

 targeted drug 

delivery, 
64,73,75,77,78

 cell labeling, 
64,79,80

 and also for replacement and support for the tissues 

77,81
. Metallic nanoparticles with porous and hollow structures are of great interest because of 

their improved performance in catalysis, electronics, and sensor applications, 
82–84

 whereas, 

metal oxide hollow are important for its catalytic application 
85–87

. 

 Apart from the improved material property, core/shell materials are important from the 

economic point of view too. A precious material can be coated over an inexpensive material 

to reduce the consumption of precious material compare to its same size pure material. 

Core/shell nanoparticle is also used as a template for the preparation of hollow particle after 



7 

 

removing the core either by dissolution or calcination. Nano and micro sized hollow particles 

are used for different purposes such as micro-vessel, catalytic support, 
88

 adsorbents, 
89

 light-

weight structure materials, 
90,91

 and thermal and electric insulators 
92

. 

 

1.5 Motivation of the Project 

The main motivation of this study comes from the importance of the core/shell and hollow 

nanoparticles. The development of new core/shell and hollow nanoparticles are extremely 

important for the recent developments in biomedical, electronics, catalysis, and many other 

research fields. As far as synthesis route is concern, there are several methods for core/shell 

nanoparticles synthesis are available, however each and every methods have some advantages 

and disadvantages. In case of wet chemical methods, as an example, the microemulsion 

technique is very important to get smaller and mono-disperse particles; however main 

disadvantages are surfactant consumption is more, co-surfactant and oil phase are required 

which quantities are also significant, separation and purification of the particles are difficult, 

and production in even micro gram scale is also difficult. Some of these problems can be 

solved apparently when the particles are possible to synthesize in aqueous media. Now for 

the synthesis of hollow nanoparticles, sacrificial core removal technique is universally 

accepted and most commonly used technique; wide varieties of core as well shell materials 

are also studied by different researchers. According to the published literatures it has been 

found that the sacrificial cores are mostly removed by either calcination or dissolution 

techniques, as a result, in many cases there is a limitation of using same core for heat or acid 

sensitive shell materials for the preparation of hollow structure. Therefore, the main 

motivation of this project is to develop an easy aqueous based technique for the synthesis of 

wide varieties of inorganic core/shell and hollow nanoparticles through sacrificial core 

removal technique, where core can be removed by both methods as per requirement 

depending on the properties of the shell materials. Among several inorganic/inorganic 

core/shell and hollow nanoparticles semiconductor, noble metal, and metal oxides are having 

more wide applications. 
93

 To study a wide verities of shell materials such as semiconductors 

(Ag2S, ZnS), noble metals (Au, Ag) and oxide (TiO2) are considered in this study, where 

sulfur is used as common sacrificial core for all these materials. The main advantage of sulfur 

as a sacrificial core, this material can be removed for the formation of hollow particles by 

dissolution as well as calcinations. In addition to sacrificial core, sulfur itself is very useful 

material for different industrial applications in nano-scale, especially as antimicrobial agents, 

anti-fungal agent, pharmaceuticals, synthesis of nano composites for lithium batteries, 
94

 gas 
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sensor, catalytic applications. 
95

 Herein, semiconductors (Ag2S, ZnS), noble metals (Au, Ag) 

and oxide (TiO2) are chosen as shell materials because of their huge increasing demand in 

several important applications. Ag2S and ZnS are both direct semiconductor materials with 

different band gap with low toxicity, so these materials are used in vivo application in 

biomedical fields for drug or gene delivery, sensor and in other fields. 
96,97

 The Au is noble 

metal with higher biocompatibility so it has enormous applications in biomedical and 

catalysis; 
98

 and TiO2 is the most common photo-catalyst used for environmental remediation, 

99
 dye-sensitized solar cells and so on. 

 

1.6 Scope of the Study  

This study is of general interest to synthesis of core/shell and hollow nanoparticles in 

surfactant based aqueous media. This study will give an idea about the mechanism of the 

particles formation by precipitation reaction and effect of the different reaction parameter on 

the growth kinetics of the particles formation in aqueous media. This study is also provide the 

knowledge related to the capping of the particles to control the size as well as the surface 

modification using appropriate surface modifier for the uniform coating of shell material. The 

idea related to the removal of sacrificial core for the synthesis of hollow particle with uniform 

shell thickness is another scope of the study. 

 

1.7 Organization of the Thesis 

The thesis has been organized in nine chapters. The present chapter, chapter–1 is an 

introductory chapter in the field of core/shell and hollow nanoparticles. Chapter–2 contains 

pertinent literature review on inorganic based core/shell and hollow nanoparticles that 

included types, synthesis mechanism, and application of these particles. Chapter–3 presents 

the experimental studies on synthesis, characterization and growth kinetics of core sulfur 

nanoparticles in different surfactant assist aqueous media. Chapter–4 presents the synthesis 

and characterization of S/Ag2S core/shell and hollow Ag2S nanoparticles in aqueous 

surfactant media. Chapter–5 focuses on double-shell hollow semiconductor nanoparticles. 

This chapter contains synthesis and characterization of hollow Ag2S/ZnS and ZnS/Ag2S in 

aqueous surfactant media. Chapter–6 presents the synthesis and characterization of noble 

metals in aqueous surfactant media. This chapter also contains the synthesis and 

characterization of hollow Au and Ag/Au nanoparticles. Chapter–7 presents the synthesis and 

characterization of the sulfur doped hollow TiO2 photocatalyst is aqueous surfactant media. 

Chapter–8 is about to the application of the nanoparticles. This chapter contains the 
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application of sulfur and TiO2 nanofluids on the wetting of solid surfaces and the application 

hollow TiO2 nanoparticles as photocatalyst for the degradation of organic dye. Finally, 

chapter-9 presents the summary of the work and some suggestion for further study. 

 Apparently, this thesis highlights different distinct materials in different chapters, 

however as mentioned before these materials were selected based on their several important 

applications. Different chapters are mainly correlated through same sacrificial sulfur core 

material for the synthesis of hollow particles. It has been shown that sulfur can be used as a 

novel sacrificial core for the synthesis of hollow nanoparticles of wide variety of materials.  
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2.1 Introduction 

In the recent years there is an increasing interest of heterostructured nanomaterials instead of 

single pure materials because of their advanced properties. Core/shell nanoparticles is a class 

of heterostructure nanomaterials where a core material is completely coated with another 

material (shell). Shell material is generally chosen aiming to the final applications such as to 

enhance thermal and dispersion stability, improve catalytic and semiconductor properties and 

so on. As a result, these nanoparticles have emerged at the frontier between materials 

chemistry and many other fields, such as electronics, biomedical, pharmaceutical, optics, and 

catalysis. More importantly, properties of the core/shell nanoparticles can be modified by 

changing constituting materials or the core to shell ratio. 
1
  

Apart from the different direct applications of core/shell nanoparticles, these are also used 

as template for the synthesis of hollow nanoparticles. The hollow nanostructured materials 

are well known for their high specific surface area and low density, 
2
 as a result they are 

important in catalysis, sensor and many other applications. In the some cases (such as noble 

metal or metal oxides) the properties of the of the hollow particles are differ from the solid 

pure particles so these particles are quite useful in especially in catalysis, electronics, and 

sensor applications 
3–6

.  

 This chapter of the thesis is mainly focused on the review of core/shell nanoparticles 

especially inorganic/inorganic type and hollow nanoparticles in a generalized way with 

properties, mechanisms of formation, and applications of these particles in possible different 

fields to show the importance of these particles.  

 

2.2 Core/Shell Nanoparticles 

Nanoparticles can be categorized based on single or multiple materials into simple, core/shell 

or composite nanoparticles. In general, simple nanoparticles are made from a single material; 

whereas, as the name implies, composite and core/shell particles are composed of two or 

more materials. There are large varieties of core/shell nanoparticles available with a wide 

range of different applications. As a result, the classification of all the available core/shell 

nanoparticles, which depends on their industrial applications or in based on some other 

property, is a challenging task. But broadly depends on the nature of the materials these 

nanoparticles can be classified in four different groups, including inorganic/inorganic, 

inorganic/organic, organic/inorganic, and organic/organic materials. 
7
 The choice of shell 

material of the core/shell nanoparticle is generally strongly dependent on the end application. 

Among these four different types of particles, inorganic/inorganic core/shell nanoparticles are 
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the most important considering its wide application in different fields, especially in modern 

electronics, catalysis, biomedical. 
7
 

 These types of particles are widely used for the improvement of semiconductor 

efficiency, information storage, optoelectronics, catalysis, quantum dots, optical bioimaging, 

biological labeling, etc. Furthermore, of the different types of inorganic/inorganic 

nanoparticles, it can be seen that in general, both the cores and shells are made of metal, 

metal oxide, other inorganic compounds, or silica. Among these particles semiconductor, 

oxides and noble metals were mostly studied because of the wide application of these 

particles. But because of the stability and nonreactive nature of SiO2, it is mostly studied 

materials as a shell. Other than SiO2, some other inorganic materials are also equally used as 

a shell layer for different specific application. So depending on the nature of the shell 

material core/shell particles they can be broadly classified into two categories: either silica-

containing or comprised of any other inorganic material.  

 

2.2.1 Inorganic/Inorganic (Silica) Core/Shell Nanoparticles 

The silica coating used on a core particle has several advantages. The most basic advantages 

of the silica coating compared to other inorganic (metal or metal oxide) or organic coatings 

are: it reduces the bulk conductivity and increases the suspension stability of the core 

particles. In addition, silica is the most chemically inert material available; it can block the 

core surface without interfering in the red-ox reaction at the core surface. Silica coatings can 

also be used to modulate the position and intensity of the surface plasmon absorbance band 

since silica is optically transparent. As a result, chemical reactions at the core surface can be 

studied spectroscopically. Therefore, researchers have concentrated more on silica coatings 

on different inorganic core materials such as metals, 
8–13

 binary inorganic composites, 
14–16

 

metal oxides, 
17–20

 metal salts 
21–24

 than any other combination. 

 Among the possible metal cores, many researchers have studied the noble metals such as 

Au, 
11,12,25–28

 and Ag 
10,29,30

 coated with silica. In addition, different metals such as Ni, 
31

 Co, 

16,32
 Fe, 

33,34
 and binary metal composite such as Fe-Ni 

14,16
 have also been studied. Silica-

coated Au particles are synthesized using a slightly modified Stöber (or sol-gel) process in 

the presence of Au template as the core. Characterization techniques used for these particles 

include SEM, TEM, AFM, XPS, and UV spectroscopy. 
26,35

 According to the literature, by 

controlling the experimental parameters such as coating time, concentration of reactants, 

catalyst and other precursors, the shell thickness from 20 to 100 nm can be controlled. The 

spectroscopic characterization of the core/shell particles show that with increasing shell 
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thickness the intensity of the UV absorbance increases and the reflectance shifts towards the 

higher wavelength region as shown in Figure 2.1. This method has been modified further in 

order to control the uniform thickness of the silica on the nano silver (Ag) core particles. 
30

 

Other researchers extended it further for coating onto Pt and CdS nanoparticles. 
36

 Ag/silica 

particles can be used in fluorescence imaging, where the region of emission again depends on 

the thickness of the silica coating. 
10

 Cha et al. 
8
 synthesized silica-coated Ag core/shell 

nanoparticles from AgNO3 using a different route. They used sodium oleate to form Ag-

oleate complex and later decomposed the oleate complex by heating it at 300°C for 2 hrs and 

then directly used it for coating silica which in turn was synthesized from TEOS by a 

modified Stöber method. 

 Magnetic nanoparticle synthesis using wet chemical processes in aqueous media is an 

easy route but there is the disadvantage of the difficulty of making a stable dispersion in such 

aqueous or related biological systems. Silica-coated magnetite particles, on the other hand, 

are well dispersed and more biocompatible when used for biological applications. 
17,19,37

 So 

the magnetic properties of other silica-coated cores such as Fe, Ni, Co, Fe3O4 or a Fe-Ni alloy 

compound, were also studied in the presence of external magnetic fields.
7
 The saturation 

magnetization (MS) of inert material-coated magnetic core/shell particles decreases compared 

to that of the naked uncoated magnetic particles and this may be because of the intrinsic 

properties of the nanoparticle surface. 
16,17,38

 Other non-magnetic materials such as Mn with 

ZnS, 
15,39

 as well as metals 
19,20,37

 are also used as core materials for silica coated core/shell 

particle synthesis. 

Figure 2.1. (a) UV-visible absorption spectra of aqueous dispersions containing Au/SiO2 

core/shell nanoparticles with different shell thicknesses (t). The gold cores are 50 nm in 

diameter for all samples. (b, c) Transmission and reflectance spectra taken from photonic 

crystals crystallized from Au/SiO2 core/shell particles. The incident light was perpendicular 

to the (111) planes of these face-center-cubic crystalline lattices for all measurements. 
35

 



18 

 

2.2.2 Inorganic/Inorganic (Non-silica) Core/Shell Nanoparticles 

Apart from silica, various metals and metal oxides can also be used as shell materials. Noble 

metal coated metal oxides especially Au coated core/shell nanoparticles have also been well 

studied by many researchers. 
40–44

 Au coating on any particles enhances many physical 

properties such as: the chemical stability by protecting the core material from oxidation and 

corrosion, the biocompatibility, bio-affinity through functionalization of amine/thiol terminal 

groups, as well as the optical properties. 
42,44

 Other shell metals such as Ni, 
45

 Co, 
45

 Pd, 
46–49

 

Pt, 
50–52

 Cu 
53

 are also important for some specific applications in the field of catalysis, solar 

energy absorption, permanent magnetic properties etc. Other than these metal oxide/metal 

more/shell nanoparticles, bimetallic core /shell nanoparticles are important and well studied 

especially Au based bimetallic nanoparticles are of great interest in the recent years because 

of their unique catalytic, electronic, and optical properties which are quite different from 

those of the corresponding monometallic nanoparticles, 
46,48,52,54

 at the same time properties 

of these nanoparticles are not only depend on the ultimate particles size but also on the core 

diameter to shell thickness ratio. 
55,56

 Among different Au-core based bimetallic core/shell 

nanoparticles Au/Ag combinations are extensively studied for their unique optical properties. 

57–62
  

 In spite of the fact that Au/Ag nanoparticles are important in catalysis, plasmonics, 

sensing, imaging, and biomedicine applications, the synthesis of Au/Ag nanoparticles are 

difficult because of the higher reduction potential of Au (Au
3+→ Au, E

o 
= +1.5V) than Ag 

(Ag
+→ Ag, E

o
 = +0.8V); more positive value of E

o
 indicates easy reduction of metal ion to 

zero valence metal. In general, for synthesis of this type core/shell nanoparticles by simple 

galvanic replacement reaction is not suitable. However, these particles can be prepared by the 

conformal coating of Ag on the Au particles surface in the solution phase. Generally, Au/Ag 

particles are formed because of their close matching of lattice constant (4.0786 and 4.0862Å, 

respectively; difference is only 0.2%), so that Ag atoms epitaxially nucleate and grow on Au 

surface to form the Au/Ag core/shell particles. However, the shape or morphologies of the 

core/shell particles are controlled by maintaining the experimental conditions such as shape 

of the Au seeds, reducing agent, capping agent, reactant concentration, different solvents or 

temperature of the reaction media. 
59,61–63

 

 The optical properties of this type particle are mostly depending on the composition and 

the shell thickness of the particle. 
61,62,64

 It has been observed that with the increase in shell 

thickness the UV-vis absorption spectra of core/shell nanoparticles shifted to towards pure 
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Ag particles from the pure Au particles 
61,62,64

 (as shown in Figure 2.2(a)). The SERS 

intensity is also dependent of core/shell ratios or in other word on the shell thickness for 

Au/Ag nanoparticles. 
61,64

 Different SERS probe molecules [such as, 1.10- phenanthroline 

(PHEN), Rhodamine 6G (R6G)] are used to the study the effect of shell thickness and shell to 

core ratio on the intensity of SERS and it was observed that with the shell thickness the SERS 

intensity increases. 
61,64

 The mechanism of the increase in SERS intensity was explained by 

using PHEN as a probing molecule. 
61

 It was observed that the relative contribution of the 

electromagnetic (EM) and charge-transfer (CT) mechanism to the overall enhancement of the 

scattering intensity increases on increase in the shell thickness as the PHEN molecules are 

adsorbed on the Ag surface through the nitrogen atom perpendicular to the surface which 

confirm from Ag-N stretching vibration. These results also show the intensity increases 

initially with the shell thickness and attain a maximum value at 1:4 Au:Ag ratio after that it 

again decreases because of the dominance of the radiation damping effect resulting in the 

decrease of electric field enhancement (as shown in Figure 2.2(b,c)). 
61

 Other than SERS 

property, Au/Ag core/shell particles are useful as effective catalyst 
65

 and for the second 

harmonic generation 
54

. 
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Figure 2.2. (a) UV-vis adsorption spectra of core Au and Au/Ag core/shell particles with 

variable shell thickness, (b) Schematic representation of the formation of different Au/Ag 

ratio with variable shell thickness [The core metal (gold) is fixed (12-14 nm), but the shell 

(silver) thickness is variable 4 to 19 nm as mention the Figure], (c) SERS spectra of the 

PHEN molecule adsorbed on the Au/Ag bimetallic nanocolloid for fixed Au and variable Ag 

ratios. Condition: [PHEN] = 1.0 x 10
-5

 M and [Au/Ag] = 3.75 x 10
-4

 M (λex. = 632.8 nm). 
61
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 TiO2 is a well-known heterogeneous catalyst (namely as photocatalyst). It has been found 

that the catalytic activity of Au/TiO2 core/shell nanoparticles enhance dramatically for 

several chemical reactions such as CO oxidation, 
66–68

 NOx reduction, organic chemical 

reduction, 
69,70

 water gas shift reaction 
71

 with good nonlinear optical property 
70

. It is 

noteworthy to mention that the catalytic property of Au/TiO2 particles is quite higher 

compare to the pure TiO2 or Au particles most probably because of (i) more reactant 

molecules are easily reached to the irregular core Au surface because of some cracks or pores 

in the TiO2 shell which arise during the heat treatment, and (ii) Au/TiO2 core/shell structure 

gives the maximum contact as a oxide support material. Moreover these particles can also be 

reused for successive time without changing the catalytic property because of the presence of 

TiO2 particles on the external surface the aggregation probability of Au particles are low. 
69,70

 

In the case of photocatalysis, the degradation efficiency of Au/TiO2 core/shell particles is 

quite high compare to only TiO2 for the degradation of bisphenol-A by either photocatalytic 

or by photoelectrocatalytic method as shown in Figure 2.3. 
72

 The selectivity and efficiency 

of the photocatalytic degradation process can be enhanced by using small sized core Au 

particles with proper controlled channel structure of the shell layer. 
73

 Other than SiO2 and 

TiO2 different other metal oxides such as ZrO2, 
74

 Fe3O4, Fe2O3, 
75

 Cu2O 
76

 were also studied 

as a shell either for tunable optical properties or as a catalyst for the oxidation of inorganic or 

organic compounds. Apart from degradation study, another important application of Au/TiO2 

nanoparticles is in dye sensitized solar cells for loading the dyes to improve the power 

conversion efficiency. 
77–80

 For the dye sensitized solar cell the important parameters to be 

consider for improving the efficiency of power conversion are the particles should adsorbed 

wider range of light, prevent the recombination of hole and electrons, and increase the 

electron transfer mechanism. 
77

 TiO2 is an good photo anodic material and having good dye 

adsorption capacity but the problem arise related to the recombination of electrons and holes 

when electrons moved from lowest unoccupied orbital (LUMO) of dye to the TiO2 because of 

the back flow of the electrons from TiO2 to dyes or electrolytes. However, this difficulty can 

be minimize if electron is transferred LUMO of dye to TiO2 though any metals because then 

the recombination is prevented due to Schottky barrier. 
77

 So in the recent year Au coated 

TiO2 core/shell nanoparticles are mostly used in DSSC where electrons transfer dye to TiO2 

through Au metal so that power conversion efficiency increases than that of only TiO2. Some 

of the recent reported studies show Au/SiO2/TiO2 and Au/TiO2 core/shell nanoparticles have 

good photovoltaic power conversion efficiency compared to that of simple TiO2 in DSSC. 

77,80
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Figure 2.3. Comparison of bisphenol-A (BPA) degradation by photocatalytic (PC) and 

photoelectrocatalytic (PEC) method in the presence of pure TiO2 and Au/TiO2 particles. 
72

 

 

Apart from these bimetallic and Au-TiO2 core/shell nanoparticles, magnetic particles are 

also very useful especially for the biomedical application, but pure magnetic nanoparticles 

have, however, some disadvantage for direct use in some specific areas. The main 

disadvantages are: (i) the particles have a high tendency for aggregation, (ii) these particles 

can undergo rapid biodegradation when directly exposed to biological systems, (iii) if the 

particles are not stable enough, the original particle structures may change in the presence of 

other external magnetic fields. As a result, magnetic nanoparticles with different inert 

inorganic coatings have gained in importance. These classes of nanoparticles are used as 

magnetic resonance imaging (MRI) contrast agents, in the magnetic separation of 

oligonucleotides, other biocomponent applications, and finally as magnetically guided site 

specific drug delivery systems. 
42

 More recently, biomagnetic nanoparticles where both core 

and shell also have magnetic properties are being used for more advanced applications. This 

class of particles is mainly used to fabricate devices for novel nanomagnetic applications 

because it also allows a precise engineering of the magnetic properties by selectively tuning 

anisotropy, magnetization, as well as the dimensions of both core and shell. Some commonly 

studied systems are FePt/Fe3Pt and FePt/Fe3O4. 
81,82

 

Core/shell nanoparticles are also used to enhance the adsorption capacity for 

environmental remeadiation applications. An example is the Fe2O3 coating on MgO and CaO 

nanoparticles which can enhance the adsorption capability of toxic materials such as SO2 and 

H2S rather than pure MgO and CaO, from the environment. 
83,84
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2.2.3 Semiconductor Core/Shell Nanoparticles 

Semiconductor nanoparticles are also known as quantum dots (QDs). One definition, 

describes a quantum dot as a semiconductor where excitons (electron and hole) are confined 

within all three spatial dimensions. The recommended band gap for semiconductor particles 

is normally greater than for conductor materials but less than 4 eV which are those normally 

found in insulating materials. In the early years of this research, pure group IVA (Si, Ge) 

elements were used as the semiconductor material. Whereas, later compounds of different 

groups elements such as: IIIA-VA, IIB-VIA, IB-VIIA also became popular as semiconductor 

materials. The lattice spacing of these different materials is almost the same with the only 

difference the fact that the bonds have a partially ionic character. This increases to a certain 

extent moving from left to right in the periodic table. Because of overlapping of the valence 

and conductance bands of two elements, the band gap also changes; either increasing or 

decreasing with respect to the pure semiconductor. For the pure elements within a particular 

group it can be seen that as we move from top to bottom the band gap decreases. Similarly, 

for the compounds of a particular element if other elements are changed in a group, the band 

gap gradually decreases while moving from top to bottom. 

 With respect to the core/shell nanoparticles discussed in this section, either both the core 

and shell are made of semiconductor materials or either one is a semiconductor and the other 

is a non-semiconductor material. So, depending on the material properties used the 

semiconductor core/shell nanoparticles can be classified as follows: (i) Semiconductor/non-

semiconductor core/shell nanoparticles or (ii) Semiconductor/semiconductor core/shell 

nanoparticles. Both types of particles are used for medical or bio-imaging purposes, 
85–87

 

enhancment of optical properties, 
88–91

 light emitting devices,
92

 nonlinear optics, 
93,94

 

biological labeling, 
95–97

 for improving the efficiency of either solar cells 
98,99

 or the storage 

capacity of electronics devices, 
100

 modern electronics field applications, 
101,102

 catalysis 
103

 

etc. 

 

2.2.3.1 Semiconductor/Non-semiconductor or Non-semiconductor/Semiconductor 

Core/Shell Nanoparticles 

The core or shell of this type of particles is made of a semiconductor material with the 

remaining layer either metal, metal oxide, silica, or any other inorganic material.
36,39,104–106

 

These semiconductor/non-semiconductor core/shell nanoparticles are also important among 

the different inorganic/inorganic core/shell nanoparticles, because of their suitability for more 

advanced applications in a wide range of fields extending from electronics to the biomedical. 
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Pure semiconductor nanoparticles or quantum dots are also represented in a new class of 

fluorescently labeled compounds with unique advantages compared to other fluorescent 

probes (organic dye or proteins).
107

 These semiconductor materials are preferably used in 

photoluminescence (PL) applications, because the fluorescent emission spectra of these 

particles can be tuned by changing the particle size. As a result, a single wavelength light can 

be used for the simultaneous excitation of all the different sized quantum dots. The main 

advantage of these particles is the fact that they have dual properties. Among the different 

types of non-semiconductor/semiconductor nanoparticles, the ‘magnetic core with 

semiconductor shell core/shell nanoparticles’ are more versatile
104,105

 because of their 

magnetic and fluorescence properties. The photo catalytic effect of magnetic core 

semiconductor shell particles is higher than that of pure semiconductor particles. He et al.
105

 

studied the photo catalytic effect of pure TiO2 and Fe2O3/TiO2 core/shell particles in 

malignant tumor therapy. They used cervical carcinoma Hela cells as a model for checking 

the efficacy of particle for apoptosis in the presence of different external driving forces 

(Shown in Figure 2.4). The results show that the survival capacity of the tumor cells is 

minimal for core/shell particles in the presence of magnetic fields and blue light irradiation. 

They also studied the effect of particle concentration on the apoptosis and the results indicate 

that with increasing core/shell nanoparticles concentration the efficiency increases. However, 

above a certain concentration the efficiency once again is reduced. This leads to the 

conclusion that an optimum particle concentration is required in order to achieve maximum 

efficiency. 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Relative viability of Hela cells: (a) only TiO2 NP; (b) only Fe3O4/TiO2 core/shell 

nanoparticles; (c) only ultraviolet irradiation; (d) only blue-light irradiation; (e) TiO2 

nanoparticles and ultraviolet irradiation; (f) Fe3O4/TiO2 core/shell nanoparticles and blue-
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light irradiation; (g) external magnetic field, Fe3O4/TiO2 core/shell nanoparticle and blue-

light irradiation. 
105

 

 

2.2.3.2 Semiconductor/Semiconductor Core/Shell Nanoparticles 

Over the past two decades, instead of using either a single semiconductor material or 

semiconductor/non-semiconductor core/shell material, researchers have been using 

semiconductor/semiconductor core/shell materials to improve the efficiency and decrease the 

response time. Of particular interest is where both the core and shell are made of a 

semiconductor material or a semiconductor alloy.
108–111

 These types of particles are used as 

either binary with core and shell or tertiary i.e. core with a double shell coating. In most 

common core/shell quantum dots, the core and shell are mainly made of alloy materials. 

Apart from reviewing the relevant research papers, different aspects of the 

semiconductor/semiconductor core/shell materials have also been extensively reviewed by 

Reiss et al.
112

 The main advantages of such particles are the fact that because they have an 

external coating of another semiconductor material, this increases optical activity and photo 

oxidation stability.  

 Depending on their relative energy levels of the valence and conductance bands, and the 

band gap of the core and shell materials these semiconductor/semiconductor core/shell 

nanoparticles can also be classified into three different groups.  

 

2.2.3.2.1 Shell Materials with Higher Band Gaps (Type-I) 

In this category, the energy band gap of the shell material is wider than the band gap of the 

core material. The electrons and holes are confined within the core area because both the 

conduction and the valence band edges of the core are located within the energy gap of the 

shell.
113

 As a result, the emission energy, PLhω , is determined by the energy gap of the core 

material (Eg1). Figure 2.5 (a) schematically shows this Type-I structure, where the conduction 

and valence band position of core material are in between the bands of shell materials. This 

arrangement of energy levels is essential in order to confine electrons and holes within the 

core material. The shell is used to passivate the surface of the core with the goal of improving 

its overall optical properties. Another role of the shell is to separate the more optically active 

core surface from its surrounding environment. The wider band gap shell material increases 

the stability against photobleaching of the semiconductor core. However, the increasing 

thickness of the shell layer reduces the material surface activity of the core surface; as a 
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result, quantum yield also reduces. With increasing shell layer thickness, a small red shift (5-

10 nm) occurs for the UV-vis absorption spectra and the PL wavelength compared to that of 

uncoated core. These types of semiconductor particles especially those made from 

CdSe/CdS,
114,115

 CdSe/ZnS,
116–118

 CdTe/CdS
89

 materials, have been extensively studied by 

different research groups. Liu and Yu
89

 studied the absorption and emission spectra of CdTe 

and CdS-coated CdTe nanoparticles and results showed that the absorption and emission peak 

positions are shifted to a higher wavelength with increasing reaction time (Shown in Figure 

2.6 a,b). This is a result of the coating of CdS the higher band gap material on the lower band 

gap material CdTe. In this case the QY initially increases, but again with increasing reaction 

time QY decreases because of the increase in shell thickness. The QYs of the core/shell 

nanoparticles depend on the pH of the reaction media as shown in Figure 2.6 (c). This may be 

because of the release of sulfur atoms from the organic sulfur supplier, glutathione (GSH), at 

higher pHs which leads to a more uniform coating. In addition, Cd also reacts with GSH to 

form Cd-GSH or Cd(GSH)2 which can prevent an increase in QY. 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. (a) Type-I, (b) Type-II. Sem1 = core material, Sem2 = shell material. 
113

 

Figure 2.6. Typical temporal evolution of the (a) absorption and corresponding (b) emission 

spectra of thiopronin (TP) capped CdTe and TP-capped CdTe/CdS QDs with thioacetamide 
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(TAA) as the sulfur source. Curves a–g represents the (a) absorption and corresponding (b) 

emission spectra of CdTe/CdS QDs under reaction for 10, 30min, 1, 2, 4, 7, and 10h, 

respectively. Curve h represents the (a) absorption and corresponding (b) emission spectra of 

CdTe NCs. The excitation wavelength is at 400 nm. TheCdTe core template photoluminesce 

emission peaked at 518nm.; (c) QYs of the TP-capped CdTe and GSH-capped CdTe/CdS 

QDs as a function of PL peak position at different pH. 
89

 

 

2.2.3.2.2 Shell Materials with Lower Band Gaps (Reverse Type-I) 

This group is the reverse of the Type-I discussed above. In this group, the narrower band gap 

shell material is grown over the wider band gap core material. In this case, both hole and 

electron charges are partially delocalized on the shell materials and emission wavelengths can 

be tuned by changing the thickness of the shell. Within this category, the most extensively 

studied systems are CdS/CdSe 
119–121

 and ZnS/CdSe 
122

. Here the types of particles have low 

quantum yields (QY) and higher resistance against photobleaching; whereas, the quantum 

yield can be improved by coating another semiconductor material of a wider band gap. For 

example, the QY of CdSe-coated CdS core/shell nanoparticles in aqueous media is 20%. 

Further coating with a higher band gap material (CdS) means the QY improves to 40%. 
123

 

 

2.2.3.2.3 Core, Shell Band Gap Staggered Type (Type-II) 

The third group of this category is called type-II. A type-II QD, in contrast to type-I, has both 

the valence and conduction bands of the core either lower or higher than those in the shell. As 

a result, one carrier is mostly confined to the core, while the other is mostly confined to the 

shell. Therefore, the energy gradient existing at the interfaces tends to spatially separate the 

electrons and holes on different sides of the heterojunction.
113,124

 A schematic diagram of a 

type-II QD is shown in Figure 2.5 (b). Because of the spatial separation of the electrons and 

holes, this type of QDs is expected to have many novel properties, including longer exciton 

decay times than type-I. For example, these structures can allow access to wavelengths that 

would otherwise be unavailable for a single material. In addition, type-II nanocrystals are 

more suitable for photovoltaic or photoconduction applications because of the separation of 

charges in the lowest excited states. The energy gap in this type of material (Eg12) is 

determined by the energy separation between the conduction-band edge of one 

semiconductor and the valence band edge of the other semiconductor. Eg12 can be related to 

the conduction (Uc) and valence (Uv) band energy offsets at the interface by the following 

equation 
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Eg12 = Eg1 - Uv = Eg2 - Uc        2.1 

where Eg1 and Eg2 are the band gaps of semiconductors 1 and 2, respectively. In this case 

emission is lower than the band gap of either semiconductor. 

 Here, since the effective band gap of the core/shell particle is lower compared to the 

corresponding pure core and shell materials, the possibility of manipulating the optical 

properties by tuning the shell thickness is easy for these types of particles. Therefore, the 

emission color is shifted towards spectral ranges
125

 which are difficult to attain for other types 

of particles. Photoluminescence decay time of these types of particle is higher compared to 

type I semiconductor particles. Some common examples of these types of particles are: 

CdTe/CdSe,
124,126,127

 CdTe/CdS,
128

 ZnTe/CdS,
129

 PbTe/CdTe,
109

 ZnTe/ZnSe,
125

 

CdSe/ZnSe,
124,130,131

 PbSe/CdSe,
132

 ZnSe/CdSe,
133

 CdS/ZnSe
113

. It can be observed that in 

most of these examples one component is aTe-based compound. In general, one problem 

associated with Te-containing compounds is a tendency towards oxidation, which in turn 

reduces chemical stability. Klimov and co workers
133,134

 synthesized core/shell nanocrystals 

(NCs) with a wide energy gap (Eg = 2.74 eV at 300 K) where the core semiconductor material 

(ZnSe) is surrounded by a shell of narrower energy gap (Eg = 1.73 eV at 300 K) material 

(CdSe). ZnSe/CdSe is a reverse type-I core/shell nanoparticle; but according to their 

observations, the core to shell transition can be tuned by controlling the shell thickness. They 

observed that with increasing shell thickness the transition from type-I (both electron and 

hole wave functions are distributed over the entire nano core) to type-II (electron and hole are 

spatially separated between the shell and the core but there is a higher probability that the 

hole is found in the core than in the shell) and back to type-I (both electron and hole primarily 

reside in the shell) (reverse type-I, according to the convention adopted in this paper) 

localization regimes. Figure 2.7 shows an interesting example of a ZnSe/CdSe core/shell 

nanoparticle; here the type-I or type-II properties of the material depends on the shell 

thickness for a fixed core radius. This material also shows a high emission quantum yield 

(QY) of up to 80-90%. 
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Figure 2.7. Three different localization regimes of ZnSe/CdSe QD in the case of a fixed core 

radius and different shell widths. (a) Thin shell where both electron and hole wave functions 

are delocalized over the entire hetero-NC (reverse type-I(C/C) regime). (b) Intermediate shell 

where the hole wave function is still delocalized over the entire heterostructure, while the 

electron is confined primarily to the shell (type-II(S/C) regime). (b) Thick shell with both the 

electron and the hole localized mostly in the shell (type-I(S/S) regime) (reverse type-I, 

according to convention of this paper). 
133

 

 

The efficiency of semiconductor nanomaterials is mainly decided by two important 

parameters namely the quantum yield (QY) and the response time. The quantum yield is 

defined as the ratio of photons emitted being adsorbed by the semiconductor material. 

Normally, for single semiconductor particles synthesized in an aqueous phase the quantum 

yield is very low but when the particular material is coated by a composite semiconductor 

material with a high energy band gap semiconducting material, the quantum yield 

increases.
103,111,115–117

 As an example, the QY of naked core CdS nanocrystals is 3 – 6 %, but 

after coating with ZnS the core/shell CdS/ZnS nanocrystals show a QY of 20 – 30 %.
135

 For 

CS (core/shell) semiconductor particles, if the response time decreases, then the overall 

efficiency increases as well as the emission spectra being shifted towards the visible region; 

as a result, detection becomes easy. In general, CS semiconductor particles of type-I and 

reverse type-I have low quantum yields and in addition type-II have low photo-oxidation 

stabilities. In order to improve these two properties, the CS particles are again coated with 

another semiconductor material to form a multilayer semiconductor material. 
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2.2.3.2.4 Core/Multi Shell Semiconductor Nanoparticles 

The relative energy levels of VB and CB for multilayer heterogeneous semiconductor 

particles are schematically presented in Figure 2.8. The main advantages of multilayer 

semiconductor nanoparticles are: higher quantum yield, higher photoluminescence efficiency, 

improved optical properties, increased half-life times of the semiconductor materials, easy 

detection of emission spectra because it shifted towards higher wave length in the visible 

range, photo-oxidation stability, improved appropriate electronic properties (band gap, band 

alignment), and finally better structural (lattice mismatch) properties than un-layered CS 

particles. One definition for term lattice mismatch refers to “the situation where two materials 

having different lattice constants are brought together by deposition of one material on top of 

another”. The advantage of lattice mismatch between the core and shell material is that the 

shell can grow to a significant thickness without losing its luminescence properties. Over the 

last few years, researchers have concentrated mainly on this type of particles because of their 

exciting applications. The concept of a multilayer semiconductor particle was first developed 

by Eychmüller et al.
136

. Later the same group as well as many other research groups 

published in this area.
137–143

 In multi layer QDs, such as core and double shell (CSS) 

materials, if a smaller band gap semiconductor material is embedded between a core and the 

outer shell of the material with the larger band gap, the particle is called a quantum dot 

quantum well (QDQW) (As shown in Figure 2.8). The selection of core and shell materials is 

carried out mainly taking into consideration the band gap as well as the lattice structure of the 

material used to form the CSS semiconductor particles. Some examples are: 

CdSe/CdTe/ZnSe,
138

 CdSe/CdS/Zn0.5Cd0.5S/ZnS,
143

 InAsxP1-x/InP/ZnSe,
140

 

InAs/CdSe/ZnSe,
137

 CdSe/HgTe/CdTe,
144

 CdS/HgS/CdS,
110

 CdSe/CdS/ZnS,
111

 

CdS/CdSe/CdS,
145

 CdSe/ZnS/CdSe
123

. The concept of the multishell semiconductor has been 

extensively documented by Dorfs and Eychmuller.
121

 Alternate multilayered CdS/HgS/CdS is 

another example of a QDQW studied by many researchers.
110,136

 The photo or optical 

stabilities of this multilayered particle is comparable to CdS/HgS because of the further 

coating of the high band gap compound CdS. For the same reason the quantum yield also 

increases. Here, since the particles of the low band gap compound HgS (∆E = 2.1 eV) is 

sandwiched between the high band gap compound CdS (∆E = 2.42 eV), the electrons, 

therefore, are confined within the HgS layer and form a quantum well. Subsequently, 

different research groups studied similar multilayer quantum wells such as ZnS/CdS/ZnS,
146

 

and CdS/CdSe/CdS
147

. The types of particles used in them were synthesized by SILAR 

(Successive Ionic Layer Adsorption and Reaction) techniques.
143,148

 The ‘reverse of QDQW’ 
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i.e. a high band gap material sandwiched between low band gap semiconductor materials has 

also been studied. In the case of CdSe/ZnS/CdSe,
123,149

 with CSS type semiconductor 

particles, because of the higher band gap of the inner ZnS material, both the core and the 

outer CdSe layer emit two different wavelengths of light. This type of phenomena is used to 

generate white light emitting diodes (WLEDs) by multi-color emission within the range.
149,150

 

In their theoretical studies, Nizamoglu and Demir
149

 showed spontaneous multi-color 

emission from multi-layered hetero-nanocrystals of onion-like (CdSe/ZnS)/CdSe/ZnS 

[(core)/shell/shell] structures (QDQW). The schematic diagram of an onion-like structure of 

alternate multifold CdS/CdSe structure as well as corresponding energy diagram, UV-vis and 

PL spectra, and luminescence image of the samples are shown in Figure 2.9 (a), (b), (c) 

respectively. As shown in the Figure the outermost shell plays an important role in PL QYs, 

and PL lifetimes of the core/multi shell nanoparticles. In this specific case, the PL QY 

increases when the outmost shell is CdS; however, that with CdSe shell decreases 

dramatically.  

 

 

 

 

Figure 2.8. Schematic representation of the energy-level alignment in different CSS 

structures and in a QDQW system. The height of the rectangle represents the band gap energy 

and their upper and lower edges correspond to the positions of the conduction and valence 

band edge, respectively, of the core (center) and shell materials. 
112

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. (a) Schematic diagram of an onion-like structure of alternate multifold CdS (1.7 

eV)/CdSe (2.5 eV) structure and its corresponding energy diagram. (b) UV-vis absorption 
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and PL spectra. (c) Corresponding luminescence image for the samples under UV lamp 

irradiation. 
151

 

 

2.3 Hollow Nanoparticles 

Synthesis, properties, and applications of hollow nanoparticles are becoming an emerging 

research topic during last decade because of their porous shell layer, which in turn lead to low 

density and high specific surface area. 
2
 In general, because of these mentioned advantages 

hollow particles have major application in catalysis, biomedical, electronics, sensors and 

many more other fields. 
3–6

 The interior void of the hollow particles can be used a reaction 

chamber or “nano reactor” in which chemical reactions is far different from any macro scale 

reactor system because of the confinement effect of reactants and change in 

microenvironment. 
152

 So in the last decade the synthesis of hollow particles of wide range of 

materials especially metallic oxides, noble metals, magnetic nanoparticles were studied 

because of the application of these particles in catalysis, bio imaging, and control drug 

delivery purpose. The synthesis approach and application of the hollow particles are briefly 

described in below. 

 

2.3.1 Synthesis Approach of Hollow Nanoparticles  

The concept of the hollow particles was introduced at the end 19
th

 century, initially the 

hollow particles are synthesized by vapor condensation, spray dying, laser induced assembly 

but the particles size was in micro range and spherical shape. The synthesis of the particles 

with precise control on size and thickness are difficult by these methods as well as the 

production cost also equally high. But after 1998 the concept of the hollow nanoparticles was 

changed after developing the idea of sacrificial core removal technique by Caruso et al. 
2
 

where an inert material was sacrifice to synthesis hollow by using as a template. This 

technique was implemented in both microemulsion and aqueous media to get a wide range of 

hollow spherical and different shapes particles with precise control of size and thickness. But 

other than this sacrificial core removal technique, direct method is another interesting method 

of the hollow nanoparticles synthesis where without any template in a single step hollow 

particles are formed. The detail method of template free direct method and sacrificial core 

removal are briefly discussed in below. 
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2.3.1.1 Template Free (Direct) Method 

Template free direct method is most modern method of hollow nanoparticles synthesis where 

in a single step without template the hollow particles are formed. Generally, gas phase 

synthesis like spray drying 
153

 and chemical vapor condensation 
154

 are used for the synthesis 

of hollow nanoparticles. In recent study it was also observed of small sized solid particles are 

self-assembled in particular media that generates hollow nanoparticles. In recent study it was 

observed that the method is quite useful for the synthesis of hollow noble (Au) nanoparticles. 

155
 In this method different sized sub-100 nm (5, 10, and 20 nm) hollow Au particles were 

synthesized without any template in the presence of semifluorinated oligo (ethylene glycol) 

ligands. 
155

 The ligands are adsorbed of the particles surface and because of the interaction 

among the tail groups of ligands the particles are self-assembled in a favorable manner so that 

hollow particles are formed as shown in Figure 2.10. Other than these common methods 

Ostwald ripening is a classical phenomenon through which the hollow particles can be 

formed within the solution. 

 

 

 

 

 

 

 

Figure 2.10. Structure of the semifluorinated ligand (SFL) used for the study and the self-

assembly of SFL-Au nanoparticles to Generate hollow Au particles. 
155

 

 

Ostwald Ripening 

Ostwald ripening, a classical phenomena observed in many field, is driven by chemical 

potential difference between different sized particles in reaction media. It is most common 

observation when particles are synthesized by precipitation reaction. In precipitation reaction 

after nucleation followed by complete growth process, the particles size still increases with 

increasing time and self-assembled to any specific shape so that total energy of the system 

decreases to gain more stability. It is actually the formation of large size crystal at the cost of 

disappearance of small sized crystal as shown in Figure 2.11. According to the IUPAC 

terminology the Ostwald ripening involves “the growth of large crystals from those of 

smaller size which have a higher solubility than the large ones”.
156,157

 More interestingly, it 
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was observed the Ostwald ripening is used for the synthesis hollow nanoparticles. Actually in 

this method initially solid particles are formed but after complete formation of the solid 

particles if the particles are still in solution the particles are rearranged with time in three 

directions to form hollow spherical particles with 100% void through Ostwald ripening as 

shown in Figure 2.12(A). As shown in Figure 2.12(B,C,D), the cavity within the particles 

increases with increasing retention time of the particles in solution. This method is first 

proposed by Yang and Zeng by the synthesis of hollow TiO2 and SnO2 nanoparticles. 
158,159

 

Other than TiO2, this method is used for the synthesis of other hollow metal, metal oxide 

metal chalcogenide, heterostructure and stoichiometric transition-metal tetraoxometalates 

particles such as Co, 
160,161

 Fe2O3, 
162

 Fe3O4, 
162

 Co3O4, 
163

 SnO2, 
159,164

 Sb2S3, 
165

 ZnO/ZnS, 

166
 CaWO4 

167
 etc.  

 

 

 

 

 

 

 

 

Figure 2.11. Polarized light microscopy images of NaClO3 crystals in equilibrium with a 

saturated solution showing the process of Ostwald ripening, in which large crystals grow at 

the cost of smaller ones. Under temperature-controlled conditions no significant 

deracemization was observed in two months. Under conditions with temperature fluctuations 

of 2 °C, the process of crystallization and dissolution is enhanced, leading to one single 

crystal in two months in the observed region. 
157

 

 

 The size uniformity, shell thickness and surface roughness of the hollow particles formed 

by Ostwald ripening method depends on the reaction parameter especially holding time, 

particles concentration, polarity of the solvent and temperature. 
158,160,164

 The evacuation 

process or material inside-out process is initiated at region near to the surface (at the bottom 

inside) or at the centre depending on the ripening characteristics of chemical species 

especially on the polarity of the solvent, and which leads to the different structure either 

hollow or hollow core/shell heterostructure particles are formed as shown in Figure 2.13. As 

the product yield is quite high (>94%), 
164

 so it is expected the dissolved species from inside 
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must be either redeposit on the existing small size particles or from the new particles. 

Generally the reduction in total surface energy provides the driving force for Ostwald 

ripening. Here as obtained the hollow particles are not single crystalline but comprised of 

many tiny primary crystallites, therefore, it is possible that small particles in the inner region 

are packed more loosely than those in the outer layer, that resulting in larger surface energies, 

which in turn leads to a strong tendency to dissolve and comes out to the solution.  

Figure 2.12. (A) Schematic diagram of the (i) loose surface atoms and (ii) compact surface 

hollow particles by Ostwald ripening method., image of particles at (B) 2 h (scale bar = 200 

nm), (C) 20 h (scale bar = 200 nm), and (D) 50 h (scale bar = 500 nm). 
158

 

 

 

 

 

 

 

 

 

Figure 2.13. Schematic illustration (cross-sectional views) of the proposed inside-out ripening 

mechanism: inside-out evacuation can initiate from just below the surface to form particle (i) 

then evolve to core/shell particle (ii), and possibly to hollow particle (iii), or start around the 

central region of the solid spheres and evolve to particle (iii) directly. 
164

 

 

2.3.1.2 Template Based Sacrificial Core Method 

Template based method or sacrificial core method is most common universally accepted 

method for the synthesis of widely varied different materials hollow particles synthesis. This 

is a two step method through the formation of core/shell particles. In this method initially the 
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core/shell particles are formed, and then the cores are selectively removed by any suitable 

method to form hollow particles. 
2,7,168,169

 Now the availability of the core particles, this 

method can be possible two different ways, either in-situ core synthesis or externally core 

synthesis. In in-situ core synthesis method, the core is synthesized in situ in the presence of 

appropriate surface modifier and after complete reaction of core formation; the reagents are 

added to form the shell coating without any pre-treatment. 
170

 Whereas, externally core 

synthesized method, cores are synthesized separately and directly used as template with 

appropriate surface modifier in the reaction mixture for the shell coating. 
2,171

 The next step is 

similar for both the methods. After separation of core/shell particle, cores are removed 

without hampering the shell layer by any suitable method depending on the core and shell 

material properties. The sacrificial core can be removed by dilution, diffusion, etching or 

calcinations depending on the nature of core and shell materials. The general mechanism of 

the hollow particles formation by sacrificial core is shown in Figure 2. 14.  

Figure 2. 14. Schematic diagram of hollow nanoparticles synthesis by sacrificial core removal 

technique.  

 

Now depending on the nature of the core material or core removal technique, the core or 

template can be classified in two different groups, (i) soft template or (ii) hard template. Now, 

in this method after complete core/shell particles formation the core can be removed by either 

dissolution or etching using a suitable solvent, acid or alkali solutions, or by calcination at 

higher temperature to make the hollow particle. Depends on the nature of the core or template 

materials this technique is classified in two different groups, (i) soft template method where 

generally gas bubbles or micelles are use as template and (ii) hard template method where 

organic polymers, inorganic materials are used as template.  

 

2.3.1.2.1 Soft Template  

The soft template based sacrificial core technique of hollow nanostructure is quite simple 

method. Herein, the post treatment process after the formation of core/shell particles is quite 

Core removal by 

either dissolution/ 
calcination 

Reagent for 

core 

Reagents for 

shell formation 

Capping agent and/or 

surface modifier 
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easy either dilution, washing or through the diffusion of the core materials the hollow 

particles are formed. Normally, various soft template are also used as sacrificial core 

including water droplet in microemulsions formed in a two phase solution, gas bubbles, 
172–

174
 micelles or vesicles of self assemble surfactant or supramolecules etc. Generally gas 

bubbles are removed from the particles through diffusion, 
173,174

 whereas surfactant micelles 

are removed to form hollow particles by dilution with solvent 
175,176

. In a recent study 

enzymes are also used as sacrificial soft core, in ionic liquid 1-butyl-3-methylimidazolium 

tetrafluoroborate ([BMIM][BF4]) the biomacromolecule histidine acid phosphatase (HAP) are 

self assembled to form a core on which the thin gold layer is formed by the reduction of gold 

salt.
177

 The schematic diagram of hollow Au particles formation by using enzymes as core is 

shown in Figure 2.15. Most interestingly these soft templates can be also used for the 

multilayer hollow nanoparticles synthesis (as shown in Figure 2.16) Some examples of 

hollow nanoparticles synthesis by using soft template are listed in Table 2.1. 

 

 

 

 

 

 

 

 

Figure 2.15. Schematic diagram of hollow Au particles in ionic solution by using enzyme as 

core. 
177

 

 

 

 

 

 

 

 

 

Figure 2.16. Schematic illustration of a soft template process for multi-shelled hollow sphere 

preparation: 1) single-shelled hollow sphere, 2) double-shelled hollow sphere, 3) triple-

shelled hollow spheres. 
178
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Table 2. 1. Different hollow nanoparticles synthesized by sacrificial core removal technique 

using soft template. 

Core/ 

Template 

type 

Core/Template Shell Removal 

technique/ 

agent 

Ref. 

Material Synthesis 

technique 

Material Synthesis 

technique 

Gas H2 nano 

bubbles  

Electrochemical Au Disproportionat

ion reaction of 

Na3Au(SO3)2 

Diffusion 
173,

174
 

 

Organic 

HAP Self-assembly Au Reduction of 

HAuCl4 by 

HAP  

Dilution with 

water 

177
 

HPAM Self-assembly Au Reduction of 

HAuCl4 

Dilution with 

water 

179
 

Modified 

starch 

Starch modified 

with mixture of 

mercaptoacetic 

acid and 

methanesulfonic 

acid 

Ag Reduction of 

AgNO3 by 

ascorbic acid 

Aqueous 1 α-

amylase 

solution 

180
 

Bees 

wax 

-- Ag Reduction of 

AgNO3 by 

hydroquinone  

Ethanol, 70
 
°C 

181
 

CTAB -- Ag2S Through the 

formation of 

Ag(S2O3)
−
 and 

[Ag(S2O3)2]
3−

 

complex and 

finally washed 

with CS2 

Water and CS2 
175,

176
 

CTAB 
-- SiO2 Sol-gel reaction Water 

182,

183
 

Inorganic GeO2 

nanocub

e 

Sonochemical  Au Reduction of 

HAuCl4 by 

GeO2 

Dissolution by 

water 

184
 

[Abbreviation: CTAB: Cetyltrimethylammonium bromide, HAP: Histidine acid phosphatise, 

HPAM: hydrolyzed polyacrylamide] 

 

2.3.1.2.2 Hard Template 

Silica, metals, other inorganic material or polymer beads are commonly used as hard template 

and various methods are used to coat the core surface with shell materials such as, layer by 

layer deposition, chemical deposition, casting, self-assembly of shell materials on the 

template surface, adsorption. In all these above mention methods, core or template is 

selectively coated with the shell materials and then soon after core/shell nanoparticles 

formation, the core is removed to form hollow structure (As shown in Figure 2. 14). The 
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organic or polymer cores, especially polystyrene
185–190

 or poly styrene based different 

copolymers
191–194

 are more commonly used; however, some other polymers,
195–197

 and 

organic aggregates
180,198,199

 are also used for the different inorganic hollow particle synthesis. 

Similarly, inorganic cores are also equally important for using as a sacrificial core for the 

synthesis of hollow nanoparticles. The main difference between the organic and inorganic 

core is its removal technique; normally organic cores are removed by the calcination or 

dissolution by suitable solvents, whereas dissolution by acid or alkali solutions is more 

common for inorganic cores. Silica,
200–203

 Au,
204

 Ag,
205

 Pt,
206

 CaCO3,
21,207

 and CdSe-ZnS
208

 

are the common material used as a sacrificial inorganic core. Silica, Au and Ag cores can be 

removed by dissolution method as they are having high solubility in hydrofluoric acid 

(HF),
195,202,209

 KCN/K3[Fe(CN)6]
210,211

 and NH3
212–214

 solutions respectively. Now focusing 

on the shell material using inorganic or organic any core, different types hollow nanoparticles 

such as, semiconductor,
190,192,193,215,216

 ceramics,
182,183,188,190,198,199,217

 metals,
205,218,219

 

organics,
220–222

 and even inorganic-organic composite hollow particles
195

 can be synthesized. 

Hollow Au nanoparticles with higher particle size (in micron scale) but lower shell thickness 

(in nano dimension) is also able to shows the advanced materials properties similar to the 

nano sized particles. 
223

 The synthesis of different hollow nanoparticles by using different 

hard template is listed in Table 2.2. 

 

Table 2. 2. Different hollow nanoparticles synthesized by sacrificial core removal technique 

using hard template. 

Core/ 

Templat

e Type 

Core/Template Shell Removal technique Ref. 

Material Synthesis 

technique 

Material Synthesis 

technique 

Etching/

Dissoluti

on  

Calcinatio

n 

Organic PS - Cu Reduction 

of 

Cu(NO3)2 

by urea 

- 500 °C, N2 

atmosphere 

218
 

PVP - TiO2 

 

Hydrolysis 

of Ti(SO4)2 
- 550 °C, 2 

hrs 

216
 

PS 
- Sol-gel 

reaction 
- 450 °C, 6 

hrs 

190
 

MF 

copolymer 
- CdS 

 

Precipitatio

n reaction 
- 1000 °C, 1 

hr 

215
 

SMMA 

copolymer 

- Precipitatio

n reaction 

of thiourea, 

Cd
2+

 ions, 

- 500 °C, 4 

hrs 

192
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and urea 

PS 

Carboxylat

e modified 

PS (PS-

CO2) 

ZnS Co-

precipitatio

n reaction 

of 

Zn(CH3CO

O)2 and 

thiourea 

- 450 °C, 6 

hrs 

185
 

PAA _ SiO2 Sol-gel 

reaction 

  
198

 

Poly(L-

lysine) 

_ SiO2 

 

Sol-gel 

reaction 
- 540 °C 

199
 

PS 

-  SiO2 Sol-gel 

reaction 
- 450 °C, 6 

hrs 

190
 

Emulsion 

polymeriza

tion 

SiO2 Sol-gel 

reaction 
- 600 °C, 4 

hrs 

189
 

Emulsion 

polymeriza

tion 

SiO2 

 

Sol-gel 

reaction 

Spray 

pyrolysis 
- 

224
 

PS-PVP-

PEO 

micelle 

PS core, 

PVP shell, 

and PEO 

corona 

SiO2 

 

Sol-gel 

reaction 
- 500 °C, 4 

hrs  

191
 

PEG 
_ SiO2 Sol-gel 

reaction 
- 600 °C, 6 

hrs 

225
 

PS  _ Fe2O3-

SiO2 

composi

te 

Ion-

exchange 

reaction, 

sol-gel 

reaction 

- 500 °C  

 

187
 

PSAA  _ Ag-TiO2 

composi

te 

Reduction 

reaction, 

hydrolysis 

under 

ultrasound 

- 550°C, 2 

hrs 

226
 

PEG  _ Si/Al 

composi

te oxide 

Hydrolysis, 

sol-gel 

reaction 

under 

sonication 

- 650°C, 8 

hrs 

227
 

 

 

PS 

 

_ Y 

compou

nd 

Thermal 

decomposit

ion 

- High 

temperature

, 3hrs 

188
 

_ Zr 

compou

nd 

Ageing at 

elevated 

temperatur

es 

- High 

temperature 

217
 

PNIPAM  _ HEMA _ Dialysis - 
221
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against 

deionized 

water, 

5°C for 1 

month 

PSAA _ ZnS Hydrother

mal 

decomposit

ion 

Toluene - 
228

 

Inorganic Carbon Surface 

modificatio

n 

Al2O3 Hydrother

mal 

reaction 

- 300°C, 3 

hrs and 

then 600°C 

229
 

S Disproporti

onation 

reaction of 

sodium 

thiosuphate 

Ag2S Precipitatio

n reaction 

CS2 - 
170

 

Ag Reduction 

of AgNO3 

by ethylene 

glycol  

Au Electroche

mical 

deposition 

from 

HAuCl4  

- Galvanic 

replacemen

t 

3,16

8,23

0
 

Ag Thermal 

degradation 

of silver 

trifluoroace

tate 

Pt Thermal 

degradation 

of platinum 

acetylaceto

nate 

NH4OH - 
213,

231
 

Ag 
Reduction 

reaction 

SiO2 Sol-gel 

reaction 

NH4OH - 
214

 

Au 

Reduction 

reaction 

SiO2 Hydrolysis 

of TEOS 

followed 

by 

cacination 

NaCN 

solution 
- 

204
 

Au Reduction 

reaction 

Polypyrr

ole 

_ KCN/K3[

Fe(CN)6] 
- 

210,

211
 

AgCl Precipitatio

n reaction 

between 

AgNO3 and 

NaCl 

Au Reduction 

of HAuCl4 

by N2H4 

NH3 

solution 
- 

232
 

CdSe-ZnS  

 

Co-

precipitatio

n reaction 

SiO2 Sol-gel 

reaction 

Acid or 

ammonia 

solution, 

5 days 

- 
208

 

SiO2 _ Ag Reduction 

reaction 

Alkaline 

solution 
- 

205
 

SiO2 Sol-gel 

reaction 

PMMA Emulsion 

polymeriza

tion 

HF - 
222
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SiO2 Stöber 

method 

Polypyrr

ole  

Polymeriza

tion 

10 wt.% 

HF, 8 hrs 
- 

200
 

SiO2 Stöber 

method 

PS _ HF - 
202

 

SiO2 Stböer 

method 

PMMA-

Ag 

Reduction 

of AgNO3 

followed 

by 

polymeriza

tion of 

methyl 

methacrylat

e 

HF - 
195

 

ZnO Commercia

l ZnO  

Au Reduction 

of HAuCl4 

by ascorbic 

acid 

Dissolutio

n by 

ascorbic 

acid  

- 
233

 

 

 

Organic-

inorganic 

SiO2-PS 

composite  

Stböer 

method  

 

Polymeriza

tion of 

styrene 

Polypyrr

ole  

Polymeriza

tion of 

pyrrole 

 THF, 12 hrs  
221

 

CTAB-

CaCO3 

Precipitatio

n reaction 

 

SiO2 

 

Hydrolysis 

of Na2SiO3 

 Acidic 

solution, 8 

hrs, 550°C, 

5 hrs 

21,2

07
 

PS-Ag PS beads 

 

Reduction 

of AgNO3 

by glucose 

Au Reduction 

of HAuCl4 

by NH2OH. 

HCl 

 Calcination 

at 400 °C 

 

HNO3  

234
 

[Abbreviation: HEMA: 2-Hydroxyethyl methacrylate, PNIPAM: Poly(N-

isopropylacrylamide), SMMA: Styrene-methyl methacrylate, CTAB: 

Cetyltrimethylammonium bromide, PSAA: Poly(styrene-methyl acrylic acid), PAA: 

Polyacrylic acid, PEG: Poly(ethylene glycol), PVP: Poly-(vinylpyrrolidone), PS-PVP-PEO: 

Polystyrene- Polyvinylpyrrolidone-polyethylene oxide, MF: Melamine formaldehyde, PS: 

Polystyrene, MMA: methyl methacrylate, PMMA: Poly methyl methacrylate, HAP: Histidine 

acid phosphatise, HPAM: hydrolyzed polyacrylamide, PS: polystyrene, TEOS: 

tetraethylorthosilicate] 

 

Apart from the dissolution or calcinations method, the core materials can be removed by 

any other way those are more selective for the synthesis of metallic hollow nanoparticles 

from the bimetallic core/shell nanoparticles. Among these types of methods the Kirkendall 
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method and galvanic replace methods are most common and used for the synthesis of hollow 

metal nanoparticles.  

 

2.3.1.3 Kirkendall Method 

The kirkendall technique is a classical technique for the synthesis of nano to micro size 

hollow particles from the bimetallic core/shell particles. The basic mechanism of the hollow 

particle formation by this technique is the non-equilibrium mutual diffusion of materials 

through the core and shell interface so that vacancy diffusion occurred towards the core 

direction and to compensate this vacancy ultimately an un-equal material flow through the 

interface and finally that makes hollow particles from the core/shell particles. In 1942, the 

first experiments were performed for the synthesis of hollow micro sized particles by 

Kirkendall but the mechanism of the formation of hollow particles was explained in 1947. 
235

 

But most interestingly this technique can be used for the synthesis of either hollow pure or 

composite particles. The mechanism of the hollow particles can be described briefly, suppose 

two materials M and N are formed M/N core/shell particles and both M and N are diffuses 

across the M/N interface. If M is having more diffusion ability than that of B, then ultimately 

there will be unequal mass flow across the interface which creates a vacancy in the core 

region and that ultimately formed hollow particles. But during this counter flow diffusion the 

materials are condensed to the other layer and that formed hollow composite materials. The 

hollow Fe3O4 nanoparticles were synthesized by this method through the formation of 

Fe/Fe3O4 core/shell nanoparticles as the diffusion rate of metallic Fe is more than the oxygen 

towards the centre, so finally hollow Fe3O4 nanoparticles was formed as shown in Figure 

2.17. Different pure or composite hollow nanoparticles were synthesized by this method in 

either in dry or wet chemical reaction. 
236–238

 

 

 

 

 

Figure 2.17. Schematic diagram of the synthesis of hollow Fe3O4 nanoparticles through the 

formation of the Fe/Fe3O4 core/shell nanoparticles by Kirkendall method. 
237

 

 

2.3.1.4 Galvanic Replacement Method 

This is another unique technique for the synthesis of different morphology and sized hollow 

metallic and alloy particles through the formation of bimetallic core/shell particles. The major 
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limitation of this method the shell material should have higher electronegativity than the core 

materials so that the shell layer will form in cost of core materials. After complete 

consumption of metallic core material and in the certain condition hollow particles are 

formed. In some cases bimetallic alloy hollow particles are formed. 
169,236,239

 The driving 

force of the particles formation is the potential difference between two metals, where one 

metal acting principally as the reducing agent (anode) and the salt of the other metal as the 

oxidizing agent (cathode). Typically, the anode metal nanostructures are synthesized first, 

followed by the reaction with the cations of the cathode metal. The shape and interior void 

size are mainly depends on the core templates. 
169,236,239

 Most commonly this method is 

successfully used for the synthesis of hollow Au nanoparticles and generally Ag is used 

mostly as sacrificial core. 
4,240

 

 

2.4 Applications of Core/Shell and Hollow Nanoparticles 

Compare to the pure nanoparticles core/shell and hollow nanoparticles are more useful 

because of their dual properties and higher specific surface area respectively. Applications of 

these core/shell and hollow nanoparticles are more in the biomedical, catalysis, thin film solar 

cells, and modern electronics fields. Considering the all applications of core/shell and hollow 

nanoparticles, applications are broadly classified into two types as discussed below. 

 

2.4.1 Biomedical Application 

Core/shell nanoparticles have many potential and exciting applications in the biomedical 

field. Although over more than a decade some applications have already been developed 

there are still major applications still at the innovation stage.
228,229,241

 In the biomedical field, 

the major application of these core/shell nanoparticles are in controlled drug delivery, 

bioimaging, cell labeling, as biosensors, and tissue engineering applications etc. 
7
 Whereas, 

hollow nanoparticles are majorly used for the controlled drug delivery purpose as it is easy to 

loading drug in cavity of the hollow nanoparticles. 
238

  

 Recently the performance of drug delivery systems has improved enormously because of 

the development of controlled release of drugs over the more traditional uncontrolled release. 

Advances in this area have become easier and more precise because of the nanotechnology 

developments. Simultaneously, very specific drug delivery is now possible to a particular 

location inside the body or to an organ in what is called ‘targeted delivery’. The combination 

of these two approaches can be exploited for targeted drug delivery at a specific location with 

controlled release. Therefore, in order to further improve the drug delivery system, some 
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crucial properties of the free drugs such as solubility, in vivo stability, pharmacokinetics, and 

biodistribution must be considered. The overall efficacy can be improved by using suitable 

nanoparticles with increasing drug selectivity towards the targeted tissue.
242

 For control drug 

delivery purpose magnetic nanoparticles such as iron oxide, Fe, Ni, Co, and super 

paramagnetic iron oxide (SPION) core particles with suitable shell coatings for in vivo drug 

release are used.
20,37,243,244

 Polymer-coated magnetic core/shell nanoparticles and hollow 

organic nanoparticles are used for controlled drug delivery, cell labeling and separation,
245–247

 

enzyme transplantation,
245

 contaminated waste removal, and gene therapy. Silica or polymer 

coated magnetic core/shell nanoparticles are more biocompatible compared to free naked 

magnetic particles and hence are used for controlled drug delivery within a living cell.
20,37,244

  

 For in vivo imaging purpose, in case of optical imaging (OI) either QDs or any other 

light emitting fluorescence materials whereas, for magnetic resonance imaging (MRI) either 

biocompatible inorganic materials or polymer coated magnetic core/shell nanoparticles are 

used. 
7
 Core/shell and hollow nanoparticles are also used as biosensor within leaving cells for 

detecting the damaged cells, DNA, RNA, glucose, cholesterol etc. Other than these 

applications core/shell nanoparticles are used for replacement and support the tissues.  

2.4.2 Catalytic Application 

For the catalytic application of any material, two properties are most important, (i) surface 

area and (ii) active site for catalysis. Bimetallic core/shell nanoparticles have shown good 

efficiency as catalyst compare to the pure single metal nanoparticles. 
248–251

 For the catalytic 

application hollow nanoparticles are more important than the normal core/shell particles 

because of its high specific surface area, porous shell structure and high pore volume. 

201,252,253
 Majorly hollow, bimetallic or metal/metal oxides hollow nanoparticles are used for 

the catalytic applications. Specially TiO2 or semiconductor based nanoparticles are used as 

photocatalyst. 

 

2.4.3 Other Application 

Other than the biosensor, Au/SnO2 core/shell particles are used as a chemical sensor for 

detecting the CO gas 
254

 because the presence of Au core enhance the absorption and 

oxidation of CO gas at low temperature, whereas Au/Pt core/shell particles are used for H2O2 

detection 
255

. Similarly, Au/poly(dimethylaminoethylmethacrylate) core/shell nanoparticles 

are used for pH sensor in aqueous solution. 
256

 Bimetallic type Au/Ag core/shell nanoparticles 

are used to increases the thermal diffusivity of nanofluids in the heat transfer process and the 

heat transfer increases with the Ag shell thickness. 
257
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 Core/shell nanoparticles with either core or shell made of a semiconductor or a metal are 

equally important in the electronics field. 
7
 Polymeric materials are easy to process but these 

materials have low dielectric constant. On the other hand, ceramic materials have high 

dielectric constants but are more difficult to process. Interestingly, a combination of these 

two materials in the form of core/shell with ceramic core and a thin polymer shell increases 

the dielectric constant compared to the pure polymer. At the same time it renders them more 

easily processible. Because of their high capacitance these materials are used in electronics. 

Similar to other applications, here the basic advantage of the core/shell particles is the shell 

material coating the core surface which increases the colloidal stability and prevents photo 

degradation of the core particle. Among the different inorganic materials used, silica is the 

most common one. Silica is an inert material hence does not affect the redox reaction of the 

core material. Instead it just blocks the core particle so that the colloidal stability of the 

particle increases. In addition, the silica shell is optically transparent so that chemical reaction 

of the core particle can be easily studied spectroscopically. 
26

  

 

2.5 Concluding Remarks 

This chapter seeks to emphasize how the research area of inorganic/inorganic core/shell and 

hollow nanoparticles has been diversifying into a new dimension over the past two decades. 

Eventually, this field will continue to produce breakthrough discoveries for the synthesis and 

applications of these nanomaterials. The future generations of core/shell and hollow 

nanoparticles will exhibit many new properties which will surely eventuate in new 

applications with improved performance. Generally core/shell nanoparticles are well known 

for better stability, for being able to protect the core material from the surrounding 

environment, for improved physical and chemical properties, improved semiconductor 

properties, easy bio functionalization etc. But the hollow nanoparticles are important because 

of its high specific surface area and low density. Most of the recent exciting discoveries show 

that there is tremendous scope in biomedical applications such as controlled drug delivery 

and release, targeted drug delivery, bio-imaging, cell leveling, biosensors, diagnostics, 

immunoassays, and many more. In the near future the development of new materials has the 

potential for improving the treatment of cancer and many other life-threatening diseases. The 

efficiency of a core/shell semiconductor particle can be enhanced in terms of increased 

quantum yield and reduced response time by selective coating of the core material with 

higher band gap shell materials. In early research core/shell nanoparticles of Type I and 

reverse Type I semiconductor materials were highlighted, whereas presently Type II 
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semiconductors attract more interest because of the positive change in the effective band gap 

than either the pure core and shell materials. In addition, more great advances have been 

made in this area as a result of the invention of core/multi shell (CSS) devices to supplant the 

normal core/shell materials. This is especially true for the QDQW combination 

(CdS/HgS/CdS, CdS/CdSe/CdS etc.), where electrons and holes are confined within a low 

band gap first shell layer; as a result, these materials are having excellent photoluminescence 

properties.  

 Except semiconductor materials noble metals and metal oxides are equally highlighted in 

last few years. Especially the surface Plasmon effect of the bimetallic core/shell nanoparticles 

and hollow nobles makes its importance in the in vivo application of the bioimaging purpose. 

Similar way metal/metal oxides core/shell nanoparticles are creating interest for their 

excellent use in environmental remediation or energy conversion. Especially core/shell and 

hollow TiO2 is effectively used for the degradation of organic pollutant.  

 In the last decade, other than synthesis, applications of these nanoparticles application are 

equally highlighted. These applications are broadly classified as biomedical, electronics, 

catalysis, chemical and biomedical sensors. Especially, in the field of biomedical because of 

the magnetic and fluorescence nanoparticles, therefore in the recent year in vivo imaging and 

specific drug targeting becomes an easy task. 

 Herein we discussed about the inorganic/inorganic core/shell nanoparticles based on the 

general materials properties, i.e., core or shell both made of silica, semiconductor or any 

other inorganic materials and categorized those particles in different groups with their change 

in properties, mechanism of the particles formation and application in different fields. But in 

case of hollow particles we consider the type of the core and core removal technique in the 

sacrificial core removal technique. So this section is categorized either as soft (which can be 

removed easily by dissolution) or hard (which some rigorous condition are required to 

removed) template based technique. Throughout this literature survey we only consider the 

techniques for the synthesis of materials and discussed about the change in properties and 

application of these materials in different. But in this literature review we did not provide any 

specific information related to synthesis or application on the our proposed materials (eg., 

sulfur, Ag2S, ZnS, Au or TiO2) which will be synthesized in this project. Brief literature 

reviews on the synthesis of individual materials are mention in the separate chapters where 

we discuss about the synthesis technique and studied the properties of those materials either 

in core/shell or hollow structure.  
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2.6 Objectives of the Project 

The review of literatures presented in this chapter confirms that most of core/shell and hollow 

nanoparticles, especially semiconductor type nanoparticles are synthesized either in 

microemulsion method or in any organic solvent to minimize the surface defects, but the 

aqueous mediated methods are less. Most importantly, the semiconductor materials studied in 

literature are mostly single materials or core/shell nanoparticles. Literatures available on 

hollow nanoparticles show still there is a strong demand for different hollow nanoparticles in 

several novel application, as a result scientist are still seeking for novel routes to synthesize 

hollow nanoparticles. So the overall objective of the project is to develop easy aqueous based 

synthesis method for synthesis of wide varieties of hollow nanoparticles by sacrificial core 

removal method in which core can be removed by both calcinations and dissolution. So based 

on the objectives of this project it is proposed a general scheme (as shown in Scheme 2.1) for 

the synthesis of both single and multi-shell nanoaprticles by sacrificial core removal method 

which is used in later on for the synthesis of different hollow nanoparticles in chapter 4, 5, 6 

and 7.  

Scheme 2.1. A general scheme for the synthesis of single and multi-shell hollow 

nanoparticles by sacrificial core removal technique. 

 

The specific objectives are, 

(1) Study the synthesis of core nanoparticles in aqueous phase with proper size control and 

surface modification.  

(2) Core particles (Sulfur) are synthesized by precipitation method, which depend number 

of parameters such as, reactant concentration, temperature, the presence of surface 

modifier and so on. So the effect of these parameters on particles size is also an 

objective of the project. 
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(3) To study the synthesis of S/Ag2S core/shell and hollow Ag2S nanoparticles in aqueous 

phase with the measurement of light emitting properties of these nanoparticles. 

(4) To study the synthesis of multilayer hollow semiconductor nanoparticles in aqueous 

media. 

(5) Synthesis of noble metals (Au and Ag) in aqueous solution, Hollow bimetallic 

composite and core/shell nanoparticles in aqueous media. 

(6) Synthesis and characterization of hollow doped TiO2 nanoparticles in surfactant assist 

surfactant media. Doping can be done in situ during the process of core removal. 

(7) Application of these particles in wetting and catalysis. 
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3.1 Introduction 

Elemental sulfur in nano dimension have many important applications like antimicrobial 

agent in pharmaceuticals, synthesis of nano composites for lithium batteries, 
1–4

 modification 

of carbon nano tubes, 
5
 synthesis of sulfur nano wires with carbon to form hybrid materials 

with useful properties for gas sensor and catalytic applications. 
6
 In agricultural field, sulfur is 

used as a fungicide against the apple scab disease under colder conditions, 
7
 in conventional 

culture of grapes, strawberry, many vegetables, and several other crops. Sulfur nanoparticles 

can also be used as green pesticide for apple scab and tomato wilt diseases. 
8
 

Despite many exciting applications, there are only a few recent literatures available on 

synthesis of sulfur nanoparticles by different investigators 
9–13

 in both aqueous and 

microemulsion phase by different routes. Deshpande et al. 
9
 have synthesized sulfur 

nanoparticles from H2S gas by using biodegradable iron chelate catalyst in reverse 

microemulsion technique. They found α-sulfur or rhombic sulfur of average particle size 10 

nm with a particle size of 5–15 nm. They have also studied the antimicrobial activity of sulfur 

nanoparticles and shows it is very much effective, especially when the particle size is low. 

But the major disadvantage of their method the method is heterogeneous phase reaction (gas-

liquid) between gaseous H2S and iron chelate solution which is more complicated apart from 

the complicacy of microemulsion. Guo et al. 
11

 and Alexandrovich et al. 
13

 have prepared 

sulfur nanoparticles from sodium polysulfide by acid catalysis in either microemulsion or in 

aqueous method. They found monoclinic or α-sulfur with an average particle size of around 

20-25 nm. Xie et al. 
12

 have prepared nanosized sulfur particles from sublimed sulfur. They 

added aqueous cystine solution drop wise on a saturated alcoholic sulfur solution with 

constant ultrasonic treatment and cystine–nano–sulfur sol was obtained, but the disadvantage 

of this method required small sized sulfur particle as a raw material for the synthesis 

nanoparticles. In the present method, sulfur can be synthesized in aqueous media from 

thiosulphate solution. Large amount of sulfur particles can be synthesized easily by using a 

cheap reactant for agricultural and other applications where the consumption is more. This 

reaction was studied by LaMer and coworkers 
14–16

 and proposed mechanism and kinetics of 

particle formation in aqueous acidic media.  

The growth kinetics of the nanoparticles formation by precipitation reaction is an 

important research topic because during the formation of nanoparticles the equilibrium size 

cannot be reached suddenly from liquid phase to the solid phase after the completion 

chemical reaction, but there are few steps. In fact, the process of particle formation begins at 

very small scale, first may be only few hundred atoms from the liquid configured to nuclei. 
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Thus, the process of particle formation takes place in two steps one after another: (i) 

nucleation and (ii) growth. Nucleation is the process of formation of small stable particles 

(with a critical radii r
*
) of solid from the liquid called nuclei. Then, in the growth process, the 

size of the particles increases due to the deposition of atoms on nuclei from the bulk liquid; or 

may be collision between the nucleuses. Nucleation and growth are essentially play an 

important role in the formation nanoparticles, as well as controlling many properties of the 

final product, like particle size, particle size distribution, and nature of the phase etc. 

Nucleation and growth of sulfur sols formation in aqueous medium was studied by LaMer 

and coworkers 
14–16

 and explored the mechanism for the formation of nano crystals or 

colloids from a homogeneous super saturated aqueous medium. According to them, the 

nucleation rate is very fast, as a result, the particles those are having the size higher than 

critical radius reached to the equilibrium size via growth process. Zaiser and LaMer, 
17

 

proposed in case of sulfur sols formation from thiosulphate in acidic media, as the nucleation 

rate is very fast, diffusion rate is mainly controlled the growth step. Finally, overall size of 

the colloidal sulfur depends on the growth process and as well as on agglomeration and 

ripening factor. The growth process is controlled by either one or both the resistances; 

diffusion and surface reaction depending on their relative rate and the final rate expression is 

also different in each case. 
18

 For the precipitation reaction, if the nucleation rate is very fast 

growth rate mainly depends on the diffusion rate or reaction rate which one is slower. Besides 

these two factors growth rate also depends on other different parameters such as temperature, 

super-saturation, hydrodynamic condition in the crystallizer, reactant concentration, presence 

of different impurities, crystal size, etc. 
19,20

 

The overall objective of this chapter is to synthesize sulfur nanoparticles in aqueous 

surfactant assists media by a simple precipitation reaction, which can be utilize later on as a 

sacrificial core for different hollow particles synthesis. An attempted has been made to 

understand the basic mechanism of particle formation in the presence of inorganic and 

organic acids. The effects of other reaction parameters such as reactant to acid ratio, reactant 

concentration, different micellar solutions and surfactant concentration on particles size have 

studied. Growth kinetics of the nanoparticles formation in aqueous solution is another 

important study. The objective of this chapter is to understand the effect of the above 

parameters on the growth process of sulfur nanoparticle synthesis in aqueous media. The 

information on effects of different parameters on growth rate constant may further improve 

the understanding of particle synthesis process in aqueous media, since growth rate is very 
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important on equilibrium particle size. In this method orthorhombic or α-sulfur with S8 

structure has been synthesized in an aqueous surfactant micelllar media.  

 

3.2 Materials and Method 

3.2.1 Materials 

The chemicals used for this study were taken from the following companies: Sodium 

thiosulphate (Na2S2O3, 5H2O), Oxalic acid (H2C2O4, 2H2O) from Rankem, Cetyl 

trimethylammoniumbromide (CTAB) with 99% purity from Loba Chemie Pvt. Ltd., Sodium 

dodecyl benzene sulphonate from Sigma Aldrich (Technical grade, Cat no. 28995-7), and 

Nitric acid (HNO3) Merck. All the chemicals were used as it is received without any further 

purification. Ultrapure water of 18.2 MΩ.cm resistivity and pH 6.4–6.5 (Sartorius, Germany) 

was double distilled again and used for all the experiments. 

 

3.2.2 Particle Synthesis 

Stock sodium thiosulphate was prepared by dissolving solid thiosulphate in double distilled 

water and different acid solutions were prepared from the pure stock. Both the reagents were 

filtered with 0.2 µ nylon 6, 6 membrane filter paper from Pall Life science, USA. In an acidic 

solution, sodium thiosulphate undergoes through a disproportionation reaction to sulfur and 

sulfonic acid according to  

Na2S2O3 + 2HNO3            2NaNO3 + SO2 + S↓  + H2O   (3.1) 

SO2 + H2O           H2SO3       (3.2) 

After mixing the reactants, 30 and 40 minutes equilibrium time was given for the completion 

of reaction in the case of inorganic and organic acids respectively. After equilibration, the 

sample was sonicated in a bath for 2 minutes and particle size was measured by DLS method 

immediately.  

 

3.2.3 Particle Characterization 

The structure of sulfur particles was characterized by X-ray diffraction (XRD) using Philips 

(PW 1830 HT) X-ray diffractometer with scanning rate of 0.01º/sec in the 2θ range from 20º 

to 40º. Particle size measurement was carried out by dynamic light scattering (DLS) using 

Malvern Zeta Size analyzer, U.K. (Nano ZS) with the help of cumulants fitting model and 

intensity distribution. The size and shape of particles were observed under a scanning 
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electron microscope (JEOL JSM-6480LV) and transmission electron microscope (Tecnai S-

twin). 

 

3.2.4 Particles Growth Kinetics Study 

The growth kinetics study was performed by measuring particles size (as diameter) and 

concentration by dynamic light scattering (DLS) using Malvern Zeta Size analyzer (Nano ZS) 

and UV-visible Spectroscopy (UV-3600, Shimadzu, Japan). Before each measurement 

samples were sonicated for two min. Various ions in the reaction media absorb light below 

the 300 nm but sulfur particle have a prominent absorbance spectrum in 245 to 300 nm 

wavelength range with a maximum absorbance at 280 nm wavelength. Therefore, growth 

kinetics of the particles was also studied by UV-visible Spectroscopy at 280 nm wave length. 

The surface energy of the sulfur particle was measured by the contact angle measurement 

technique with the help of a goniometer (OCA 20, Data Physics, Germany). The temperature 

was maintained using a constant temperature water circulating bath.  

 

3.3 Results and Discussion  

3.3.1 Synthesis of the Sulfur Particles in Aqueous Media 

3.3.1.1 Effect of Stoichiometry Ratio on Particle Size 

According to the stoicheometry of the reaction one mole of thiosulphate reacts with two 

moles of mono-basic acid to precipitate one mole of sulfur. Firstly, we have studied the effect 

of stoicheometry ratio of acid (H
+
) to thiosulphate concentration on particle size for a 

particular reactant concentration (5 mM) and later we used the same ratio for that particular 

acid. Figure 3.1 shows that with increasing acid (H
+
) to thiosulphate molar ratio the particle 

size increases, but the size is almost constant above the ratio of 2:1 for inorganic mono-basic 

acid, 4:1 for inorganic di-basic acid, and 6:1 for organic di-basic acid. Hence, all the 

experiments with inorganic mono-basic (HCl, HNO3) and di-basic (H2SO4) acids were 

carried-out with the acid (H
+
) to thiosulphate ratio of 2:1 and 4:1 respectively. However, in 

the case of organic di-basic acid (oxalic acid) we used that ratio of 6:1 for the all experiments. 

As a general rule, larger the ionization constant values (Ka) stronger the acid, to get an idea 

about the ionization constants of different acids we have presented the values in Table 3.1. 

The acid requirement of H2SO4 is about twice than that of HCl, probably due to first 

ionization constant value of H2SO4 is high but the second is low and the requirement of oxalic 

acid is further more due to low values of both the ionization constants. 
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Figure 3.1. The effect of acid to thiosulphate ratio on the size of sulfur particles. Thiosulphate 

concentration 5 mM. 

 

Table 3.1. Ionization constants of different acids 

Acid  Ionization constant (Ka) pKa 

HCl
 21

  1.74 × 10
6 -6.24 

HNO3 
22

  40 -1.60 

 

H2SO4 
23 

(H2SO4) K1 2.4 × 10
6
 -6.38 

(HSO4
-1

) K2  1.02 × 10
-2 2.00 

 

H2C2O4 
24

  

(H2C2O4) K1 5.6 × 10
-2

 1.25 

(HC2O4
-1

) K2 5.1 × 10
-5

 4.29 

 

3.3.1.2 Effects of Acid Type and Reactant Concentration on Particle Size 

Figure 3.2 shows the effects of acid types and thiosulphate concentration on particle size. Let 

us first consider the effect of reactant concentration on particle size for a particular acid; it is 

very clear from the Figure that the particle size increases with the increase in thiosulphate 

concentration. The particle size is mainly influenced by three different factors as shown in 

Scheme 3.1: (i) nucleation, (ii) particle growth and followed by (iii) particles agglomeration. 

For this reaction nucleation is an instantaneous process and completed within 2 minutes after 

mixing the reactant with acid. 
17

 A nucleus is essentially a small group of atoms with a 

critical size that have taken up arrangement in space, is stable and capable of further growth. 
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Sub-critical particles are called embryos, and of larger size are called nuclei. As well as, 

when the particles are achieved a critical radius (nuclei), then the growth process 

predominates over the nucleation. The rate of reaction also increases with the reactant 

concentration. According to Zaiser and LaMer 
17

 the rate of reaction depends on both the 

concentration of thiosulphate and acid types. They proposed the rate of reaction = k [T]
1.5

 

[A]
0.5

. where, k is the reaction rate constant, [T] and [A] are the thiosulphate and acid 

concentrations respectively. Therefore, in higher reactant concentration media the density of 

nuclei will be more, as a result, after the growth process the particle density will also be high. 

When the particle density is more, the collision between the particles that leads to more 

agglomeration, which will increase the ultimate equilibrium particle size. 
25

 Furthermore, 

when collision between those new born particles increases because of higher particle density 

larger particles are formed and they are stabilized by minimizing the overall energy of the 

system, this is termed as Ostwald ripening or coarsening 
26

. 

 

Scheme 3.1. Schematic diagram of sulfur particles formation through nucleation, growth 

followed by agglomeration step in precipitation reaction of sodium thiosulphate and acid. 
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Figure 3.2. The effect of reactant concentration on the particle size in different acidic aqueous 

media. 

 

In addition, comparing the results in the presence of different acids it is clear that the 

particle size also depends on the acid types. There is a distinct size difference between the 

organic and inorganic acids at a higher reactant concentration; the organic acid shows smaller 

size particles. The system with lower reactant concentration in the presence of HCl shows 

lowest particle size among all the acids but the differences are less. Among the inorganic 

acids particle size in H2SO4 is always higher than HNO3 but HCl is showing a different 

behavior. At high reactant concentration HCl is showing the highest particle size but at low 

reactant concentration it is just reverse, shows lowest size. In addition, we can clearly see 

from the Figure 3.2 that at higher reactant concentration (10 mM) the increasing order of 

particle size in the presence of different acids are: C2H2O4 < HNO3 < H2SO4 < HCl which is 

exactly the same as the order of acid ionization constants, even though, the differences 

between the inorganic acids are less. Because of all the inorganic acids are strong and 

ionization is very fast, the reaction rate is also expected to be fast in compare to organic acid. 

In the presence of inorganic acids as the reaction is expected to be very fast, formation of the 

nuclei also will be very fast with more nuclei density, which leads to higher equilibrium 

particle size. Whereas, oxalic acid catalyzed reaction may have slow rate of nucleation as 

well as low the particle density in compare to that of inorganic acids, which may leads to 

formation of smaller particle size. In the case of oxalic acid, another reason of lower particle 

size is probably because of the adsorption of oxalate ion (C2O4
2-

) on the particle surface, 
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which is clear from zeta potential value. Zeta potential of the particles in the presence of 

oxalic acid is more negative (-8.05 mV) than in nitric acid (-2.17 mV) at the same pH 2.8. 

The zeta potential was measured by DLS Malvern zeta size analyzer using Smoluchowski 

model. The zeta potentials in the presence of all other inorganic acids are very close. The 

adsorption of oxalate ions on the particles surface increases the zeta potential which directly 

increase the electrostatic stability and at the same time it also increase the steric stability 

because of the bulkiness of oxalate ions than the naked particles. So finally it reduces the 

agglomeration tendency of the particles and gives small sized particles with a narrow 

particles size distribution. The values of zeta potentials in the presence of different acids are 

given in Table 3.2. From the Table 3.2, it is clear that the agglomeration tendency of the 

particles in the presence of inorganic acids is high because zeta potential values are low. 

Apart from the average particle size, the size distribution is also very important parameter in 

particle synthesis. Figure 3.3 shows the comparisons of particle size distribution among four 

acids used in our study. Sulfuric and nitric acids have similar size distribution, hydrochloric 

acid is having little sharp distribution than the other two acids but the change is not very 

significant. The difference was found for the oxalic acid where the distribution is 

significantly narrow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3.3 Particle size distribution in different acids media at 10 mM thiosulphate 

concentration. 
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Table 3.2. Zeta potential of sulfur particles in different media, Thiosulphate concentration 5 

mM. 

Medium Acid Zeta Potential (mV) 

Water HCl -2.99 

Water H2SO4 -1.85 

Water HNO3 -2.17 

Water (COOH)2 -8.05 

TX-100 HCl -0.557 

SDS HCl -76.3 

SDBS HCl -85.0 

CTAB HCl 23.8 

 

3.3.1.3. Particle Size in the Presence of Surfactant Solutions 

The effect of surfactants on sulfur particle size was tested in the presence of HCl and oxalic 

acids catalyzed reactions with different reactant concentration. The surfactant concentration 

was kept three fold CMC of respective surfactants. Figure 3.4 shows the effect of surfactants 

on particle size by HCl catalyzed reaction. In aqueous solution the particle size is 

continuously increased with the reactant concentration, and after 10 mM reactant 

concentration the particles are settled down from the liquid phase because of larger size. 

However, from the Figure 3.4, it is clear that in the presence of surfactants there is a 

significant change in particle size than that in the absence of surfactant at 10 mM thiosulphate 

concentration. The low particles size in the presence of surfactant molecules compare to the 

without surfactant media is mainly because of the adsorption of surfactant molecules on the 

particles surface which increase the electrostatic repulsion and as well as increase the steric 

repulsion due to the bulkiness of the surfactant molecules, which ultimately reduce the 

particles size. Furthermore, it is worthy to note that the effect is not same for all the 

surfactants. In addition, lower thiosulphate concentration (0.5 mM) where the particle size is 

small in aqueous media, the effect of surfactant is not very significant. At that reactant 

concentration, SDBS is showing almost no changes in particle size but other surfactants are 

showing little higher particle size. It is observed from the figure that the plot of particle size 

vs. reactant concentration in the presence of anionic and nonionic surfactants pass through a 

maximum. The maximum particle size was observed at the same reactant concentration (5 

mM) in the presence of both anionic surfactants (SDBS and SDS) and at higher concentration 
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(10 mM) in the presence of nonionic surfactant (TX-100). Comparisons of maximum particle 

size obtained in the presence of surfactants show the following order: SDBS<TX-100<SDS. 

However, the behavior in the presence of CTAB is little bit uncommon and interesting. From 

the experimental result it was found that at 5 mM reactant concentration there is a sharp 

decrease in particle size (~55 nm) then again the particle size increases up to 10 mM and after 

that the trend is as usual to that of other surfactants. Due to this sudden change between 5 

mM to 10 mM reactant concentration we have repeated the experiments several times and got 

repeatable results. The zeta potential values of the particles in this concentration range are 

also not changed significantly (+20.1 to +31.1 mV). We are still unable to completely explain 

this behavior at present and it needs further investigation. The above observations can be 

explained as follows. As the sulfur particles are hydrophobic in nature, they are having low 

zeta potential as well as low surface energy. Low surface energy particles are unstable in high 

surface tension polar liquid such as water, especially when the particle size is very small. 

Ultimately, in pure aqueous media the growth process is favorable to minimize the contact 

area between the particle and water; as a result, there is a constant increase in particle size 

with the increase in reactant concentration. However, in aqueous surfactant media the 

mechanism of particle formation is little bit different than that from the pure aqueous system. 

In the presence of SDBS and TX-100 we can observe initially the particle size increases with 

increasing the reactant concentration and after a critical concentration again there is a 

decrease in particle size. The researchers have also reported both the increasing 
27

 and 

decreasing 
28

 trends in particle size with reactant concentration for the separate systems. In 

those literatures the researchers have studied a narrow reactant concentration range to show 

the increasing or decreasing trends in particle size. A wide range of reactant concentration is 

studied here and both the trends are observed in the same system. In the first regime as soon 

as the nuclei are formed, surfactants are adsorbed through the tailgroup and a micelle like 

structure is formed with the nuclei inside the core. Thus the hydrophobic sulfur nuclei are 

also stabilized in the aqueous media. Then, similar to intermicellar exchange in reverse 

microemulsion, 
27

 due to the collision between the surfactant coated nuclei, the growth 

process started and the particle size increases. Therefore, at high reactant concentration when 

the number of nuclei is more, the probability of inter-particle collision is also more and that 

may be the reason of increase in particle size. In the decreasing regime, above a limiting 

reactant concentration, the nucleation rate is very fast, as a result the size of the nuclei also 

increases rapidly. In this case inter-particle exchange is less important for the particle growth 

similar to that in microemulsion. 
28,29

 Since the nuclei concentration is very high at that 
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regime immediately after the formation, the nuclei reached a certain size as well as stabilized 

by the adsorbed layer of surfactant molecules. There may be only diffusion of small nuclei 

through the micelles like structure of adsorbed surfactant layer is occur instead of exchange 

by collision to get final lower particle size. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Variation of particle size with the thiosulphate concentration in the absence and 

presence of surfactants by hydrochloric acid catalyzed reaction. Inset shows the particle size 

distribution at 4 mM and 5 mM thiosulphate concentration in the presence of CTAB. 

 

Inset of Figure 3.4 clearly shows the size distribution in 5 mM reactant concentration is 

very narrow whereas at 4 mM it is significantly wide with a large particle size. We believe 

that the type of surfactant plays an important role for this type of behavior. The reason of 

minimum particle size obtained in the presence of CTAB is not completely understood but it 

may be because of the change in mechanism depending on the reactant concentration. This 

can be attributed as in the increasing particle size regime, the inter-particle exchange may be 

the main mechanism, but after reaching a critical nuclei size at a particular reactant 

concentration film stability of the adsorbed surfactant layer is more important. As a result, 

lower particle size is obtained when inter-particle exchange rate is low because of higher 

adsorbed surfactant film stability. Indeed, this may be the similar phenomenon that the effect 

of surfactant film flexibility in intermicellar exchange in reverse microemulsion system 

reported by Tojo and his coworkers. 
30,31

 The other portion of the curve in CTAB can be 

explained similarly that of SDBS and TX-100. 
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Figure 3.5 shows the particle size distribution at 10 mM thiosulphate solution in different 

surfactant media. From the figure it is clear that the particle size distribution in the presence 

of SDBS is sharper than the other surfactant solutions at a constant reactant concentration (10 

mM). In addition to narrow size distribution at a constant reactant concentration, for the total 

range of the reactant concentration studied here the change in size with thiosulphate 

concentration is less as the height of maxima is less in the presence of SDBS. Therefore, 

SDBS can be used as better size controlling agent. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Plot of particle size distribution in different media at 10 mM thiosulphate solution 

catalyzed by HCl. 

 

Figure 3.6 shows the change in particle size by oxalic acid catalyzed reaction in the 

presence of different surfactants. The main difference found in the presence of organic acid is 

the absence of maximum in particle size with the thiosulphate concentration in SDBS 

solution. Furthermore, the change in particle size with the increase in reactant concentration 

is also less for SDBS similar to that in HCl catalyzed reaction. TX-100 shows higher particle 

size than other two ionic surfactants similar to that is observed in the presence of HCl. The 

change in particle size with reactant concentration is also less in the presence of TX-100 in 

contrast to that for HCl. By comparing the results in the presence of SDBS and TX-100 we 

can conclude that the change in particle size with the increase in reactant concentration is 

less, as well as overall lower particle size is obtained by oxalic acid catalyzed reaction than 

HCl. In the presence of CTAB similar to HCl catalyzed reaction minimum particle size was 
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found between 4 mM to 6 mM thiosulphate concentration range. Minimum particle size was 

obtained ~35 nm at 4 mM thiosulphate concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6. Variation of particle size with the thiosulphate concentration in the absence and 

presence of surfactants by oxalic acid catalyzed reaction. 

 

 The particle size distribution at 10 mM thiosulphate concentration (See Figure 3.7) also 

shows the distribution is narrow in oxalic acid and SDBS combination. Unlike the aqueous 

media, in the presence of surfactants the particle size is not continuously increased with the 

reactant concentration. In the presence of higher surfactant concentration (thrice of CMC), 

the monomer surfactant molecules are adsorbed on the sulfur particle surface through its 

tailgroup. As a result, after the adsorption of the ionic surfactant molecules, a charge is 

developed on the particle surface. Therefore, even at high reactant concentration 

agglomeration tendency of the particles are reduced due to the electrostatic repulsion between 

the particles adsorbed by ionic surfactants. For TX-100 solution, due to hydration of the 

headgroups and steric repulsion between the surfactant adsorbed particles there is also 

minimum tendency towards agglomeration. This explanation can be supported by zeta 

potential values of sulfur particles in aqueous and different surfactant solutions. 

 

 

 

 

 

0

200

400

600

800

1000

0 2 4 6 8 10

Aqeuous
CTAB 
TX-100
SDBS

P
a

rt
ic

le
 S

iz
e 

(n
m

)

Reactant Concentration (mM)



75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. Plot of particle size distribution in different media for 10 mM thiosulphate 

solution catalyzed by oxalic acid. 

 

 Zeta potentials values of sulfur particles in different media are given in Table 3.2. From 

the Table, it is clear that sulfur is having low negative potential at aqueous media and closed 

to zero in the presence of TX-100. Among the ionic surfactants, anionic surfactants show 

higher zeta potential value than cationic, and between two anionic surfactants (SDS and 

SDBS), SDBS shows more negative potential. So, lower particle size and sharp distribution 

in the presence of SDBS can be explained in terms higher negative zeta potential due to 

adsorption of surfactant, which prevent growth as well as the agglomeration of particles. 

Moreover, we have observed that the dispersing ability of the particles in the presence of both 

the anionic surfactants are more than TX-100 or CTAB. When the concentration of 

thiosulphate is more than 50 mM particles are separate very fast from the aqueous media 

except the presence of anionic surfactants. 

 

3.3.2. Characterization of the Sulfur Particles by Different Instrumental Techniques 

3.3.2.1 X-ray Diffraction (XRD) Analysis 

Figure 3.8 (a) and (b) show the XRD pattern of sulfur particles in different acidic solution 

and in the presence of surfactants and HCl media respectively. The position and intensities of 

the diffractions peaks are in good agreement with the literature values for orthorhombic or α-

phase sulfur with S8 structure (74-1465 from JCPDS PDF Number). The phase obtained is 
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also independent of acid media. Figure 3.8 (b) also shows the similar structure is formed, 

with the difference of sharp peak indicates highly crystalline nature in the presence of 

surfactant system than aqueous media except SDBS. The XRD samples are prepared by 

successive washing by fresh water, so we got only pure sulfur peak. The sample was prepared 

without any washing shows sulfur peak mainly as well as it also shows surfactant and 

Na2SO4 peaks (pattern is not shown here). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. XRD pattern of sulfur particles: (a) in different acid media, (b) in the presence of 

different surfactants by HCl catalyzed reaction. 

 

3.3.2.2 Analysis by Electron Microscopy (SEM and TEM) 

Figures 3.9 A, B, C, D shows the SEM images of sulfur particle synthesize by HCl (Figure 

3.9A) and oxalic acid (Figure 3.9B) catalyzed media without any surfactant, by HCl 

catalyzed in the presence of CTAB (Figure 3.9C), and SDBS (Figure 3.9D) surfactants for 

thiosulphate concentration of 5 mM. From the figures it is clear that the sulfur particles are 

almost spherical shape and uniform size. Figure 3.10 shows the TEM image of sulfur 

nanoparticle formed at 5 mM thiosulphate concentration by inorganic acid catalyzed reaction 

in CTAB media and the size of the particles obtained is close to 50-55 nm. This again 

confirms the formation of lower size particle in CTAB media. Form both the SEM and TEM 
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figures we can say sulfur has a tendency towards agglomeration, so we are not getting 

separate discrete sulfur particle image. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9. SEM micrographs of sulfur particles from 5 mM thiosulphate concentration: (A) 

HCl catalyzed, (B) oxalic acid catalyzed, (C) CTAB and HCl (D) SDBS and HCl. 

 

 

 

 

 

 

 

 

Figure 3.10. TEM micrographs of sulfur nanoparticle formed at 5 mM thiosulphate 

concentration inorganic acid catalyzed reaction in CTAB surfactant media. 

 

3.3.3 The Effect of Different Parameters on the Growth Kinetics of Sulfur Particles 

Formation in Aqueous Media 

From the basic concept of precipitation reaction it is well known that first embryos 

(consisting of few atoms) will from in the liquid phase at the early stage of the nucleation and 

once the embryos size is beyond a critical size (nuclei) the growth will start and that may 

predominant over nucleation; as a result, particle size also may increase continuously. From 

the thermodynamic point of view, every chemical process tries to minimize the total free 
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energy of the system as much as possible to gain the maximum stability. The total free energy 

and the interfacial area of the solid-liquid system can be decreased via increasing size of the 

solid particles. The process is termed as Ostwald ripening or coarsening. The rate of the 

growth process is depend on the several reaction parameters those can control the rate of the 

reaction as well as the diffusion of the reactant and products from the bulk to solid-liquid 

interface, so that the growth rate and the ultimate size of the particles are changing in 

different reaction conditions. The effect of the different reaction parameter including reactant 

concentration, temperature, sonication, types of the acids, presence of capping agents are 

explained in below.  

 

3.3.3.1 Effect of Sonication 

The effect of sonication on the particle size during the growth process was first studied here 

over the other parameters. The effect of sonication was studied with time by three different 

ways using 5 mM reactant (sodium thiosulphate) concentration: (i) fresh separate individual 

samples were just sonicated for two min before the particle size measurements (ii) stepwise 

sonication, i.e., one sample was sonicated for two min repeatedly just before of each single 

size measurement with time, and (iii) continuous sonication, i.e., the sample was 

continuously sonicated with time. Fig. 3.11 shows the change in particle size with time for all 

the three cases mentioned above. According to the Figure 3.11 the equilibrium time for the 

cases (i), (ii), and (iii) (i.e. time require reaching the equilibrium particle size) are: ~ 30, 

~150, and ~190 min respectively. In general, during particle formation via a precipitation 

reaction, after completion of the reaction the undisturbed system reached the equilibrium 

particle size quickly in case-(i) than the other two systems by losing the surface energy due to 

agglomeration of small sized particles. Whereas in other two cases the natural tendency of 

losing free energy due to increase in size is prevented by supplying the external energy in the 

form of sonication to the system, as a result, equilibrium time increases with lower final 

particle size with the increasing sonication time. The equilibrium particle size shows the 

following order: case (i) > case (ii) > case (iii). In addition, the effect of continuous 

sonication during the reaction can change the transient heating of the media due to collapsing 

of bubbles, proper mixing of the reactants, and prevent the agglomeration of the particles. 
32

 

As a result, with increasing sonication time during reaction the particles size decreases and 

equilibrium time increases.  
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Figure 3.11. Growth kinetics of sulfur nanoparticles synthesized from HCl catalyzed 5 mM 

thiosulphate solution under different sonication condition. 

 

3.3.3.2 Effect of Temperature  

Figure 3.12 shows the effect of temperature on the change in particle size with time using 5 

mM reactant concentration in HCl media. The particle growth rate at different temperatures 

can be represented as the slope of the individual curves. From Figure 3.12, it is clear that with 

the increasing temperature, slope of the curves gradually increases that mean the growth rate, 

as well as the equilibrium particle size also increases. As mention previously the final particle 

size depends mainly on the growth rate. However, the particle growth rate in the reaction 

media depends on both the reaction rate and the diffusion rate of the atoms or embryo from 

bulk to nuclei surface. Therefore, the increase in the growth rate with the increasing 

temperature may be attributed in two ways: firstly, with the increasing temperature the rate of 

the reaction increases as the acid catalysis reaction of thiosulphate is endothermic in nature. 

Therefore, the driving force for the diffusion increases due to the increase in sulfur 

concentration in the bulk phase. Secondly, with the increasing temperature the diffusion 

coefficient of new born sulfur atoms or embryo also increases. Because of both the reasons 

the overall diffusion of sulfur atoms or embryo from bulk phase to solid–liquid interface 

increases. So, both the factors (i.e., reaction rate and diffusion rate) are indirectly or directly 

controlling the growth rate with the increasing temperature. For this reaction system, as the 

reaction rate is very fast the growth process is mainly controlled by diffusion rate; therefore, 

the overall particle size increases with the growth rate at higher temperature. According to 
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Lifshitz-Slyozov-Wagner (LSW) model the critical volume grows linearly with time and that 

the number of particles decreases proportional to t
−1

. For a diffusion control coarsening 

process, the kinetics of coarsening can be written as, 
18,19,33

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12. Growth kinetics sulfur nanoparticles synthesized from HCl catalyzed 5 mM 

thiosulphate solution at different temperatures. 

 

rav
3
 – r0

3
 = kct         3.3 

where, rav is average particle size (radius) at time t and r0 particle size (radius) at time t = 0, kc 

is the coarsening rate constant. Figure 3.13 shows the plot of r
3

av vs t at three different 

temperatures. The coarsening rate constant (kc) can be obtained from the slopes according to 

equation 1 at the higher time scale. According to Arrhenious equation the coarsening rate 

constant is again related to temperature and activation energy as 

Aln
RT

E
klnAek a

c
RT

E

c

a

+−==
−

or       3.4 

where Ea is activation energy for the growth process, A is the constant, R is the universal gas 

constant, and T is the temperature (in K). The Figure 3.14 shows the rate constant for the 

coarsening, kc as a function of inverse of temperature. The activation energy of the 

coarsening process, obtained from the slope of the Figure 3.14, is 0.60 ± 0.03 eV (57.65 ± 

3.21 kJ/mol). It can be seen the activation energy of the coarsening process is low compare to 

the hydrophilic particles such as TiO2 (72.35 kJ/mol), 
33

 ZnO (108.04 kJ/mol), 
19

 or Silicalite-

1 (73.90 + 2.80 kJ/mol) 
34

; as a result, there is a tendency to increasing particle size 
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immediately after nucleation due to coarsening. The coarsening constant kc can be also 

written as, 

RT

CDV
k m

c
9

8 2

∞=
γ

        3.5 

where γ is the surface energy of the sulfur (J/m
2
), D is the diffusivity of sulfur molecules 

(1.07 × 10
-10

 m
2
/sec), Vm is molar volume for the sulfur (1.55 × 10

-5
 m

3
/mol), 

35
 C∞ is sulfur 

concentration, R is universal gas constant (8.31 J/mol.K), and T is the working temperature 

(301 K). The bulk diffusivity of the sulfur molecules can be calculated by using Stokes-

Einstein equation, 
36

 

a

Tk
D B

πη6
=          3.6 

where kB Boltzmann constant (1.38 × 10
-23

 J/K), η is viscosity of the media (8.38 × 10
-4

 

kg/m.s), 
35

 and a is the hydrodynamic radius (2.45 nm) 
35

 of the sulfur molecules. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13. Particle size replotted as rav
3
 vs. time synthesized from HCl catalyzed 5 mM 

thiosulphate solution at different temperatures. 

 

The value of the bulk diffusivity of sulfur was calculated from Stokes-Einstein equation 

and that value used for the surface energy calculation of sulfur. The surface energy of the 

sulfur is 31.80 mJ/m
2
 calculated from our experimental data, the value is very close to the 

available literature value for sulfur crystallized in air is 31-35 mJ/m
2
. 
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surface energy of the same orthorhombic sulfur on gold plate is 42 mJ/m
2
. 

37
 and a wide 

range of values (20 to 50 mJ/m
2
) are reported when deposited on glass surface. 

38
 To verify 

our calculated value independently, we deposited sulfur particles on the glass surface after the 

synthesis and surface energy was measured by contact angle measurement method. The value 

obtained was 39.47 mJ/m
2
. This value is within the range of that reported value and with a 

little difference from our calculated value. Higher value obtained in the second case when 

coated on a glass surface is attributed as incomplete coating of the glass surface by sulfur 

particles.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14. Arrhenius plot of the coarsening rate constant ln kc vs. 1/T for the growth of 

sulfur particles in aqueous solution. 

 

3.3.3.3 Effect of Different Acids 

Figure 3.15(a) shows the change in particle size with time for 5 mM thiosulphate 

concentration in the presence of different acid solutions. The figure shows in oxalic acid the 

initial growth rate is same as that in hydrochloric acid but with increasing time the growth 

become slow and attending the equilibrium size, 525 nm at 60 min for oxalic acid. Whereas, 

in case of both the inorganic acids the time required to attend the equilibrium sizes are high. 

In sulfuric and hydrochloric acid solutions the equilibrium sizes are 950 and 875 nm 

attending at time 120 and 150 min respectively. Depending on the ionization constant of the 

acids, the rate of the reaction is also changes. The strong acid with high ionization constant 

leads to fast reaction rate compare to that of weak acid. As mention in the previous section, 

organic acid catalyzed media generate smaller size particles compare to any inorganic acids 
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and simultaneously the growth rate is also low in case of organic acid than other inorganic 

acid. The coarsening rate constant values in the presence of oxalic acid, HCl, and H2SO4 

catalyzed media are: 110.73, 626.25, and 758.53 nm
3
/s respectively. The results clearly show 

that there a significant difference in kc values among the different acids. 

To further support the growth kinetics, we studied the kinetics using an UV-vis 

spectrophotometer by measuring the absorbance at 280 nm wavelength. Figure 3.15(b) shows 

the change in absorbance value with time in different acid media for 5 mM thiosulphate 

concentration. For the measurement, reference state was taken as same concentration sodium 

thiosulphate solution. From the figure it is clear that the absorbance in oxalic acid media is 

higher than other inorganic acids solutions. In this case the absolute value of the sulfur 

concentration in the media or separate identification of nucleation or growth step is difficult 

from the figure. In general, nuclei are formed in the nucleation step of a precipitation 

reaction; as a result, particle density increases in this region. However, in the growth region, 

the particle density may still increase in slow rate if the reaction continues; simultaneously 

density also decreases due to agglomeration. These two regions are also reflected in Figure 

3.15(b). It can be clearly seen that initially the absorbance value increases very fast due to 

fast increase in particle density, indicates as nucleation region. Whereas, after a certain time 

the absorbance values still increase with a slower rate, that indicating as the growth region. 

According to the Figure 3.15(b), the nucleation time is different for the different acids 

depending on their ionization potential. The values are close to 10 min for three different 

acids, which is higher than the reported value of 2 min. 
17

 As it has been seen that in organic 

acid media the particle size is small compare to inorganic acids, therefore, for a fixed reactant 

concentration the particle density is expected to be much higher in oxalic acid media. Hence, 

when the particle density is more in the media absorbance is also high.  
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Figure 3.15. Growth kinetics of sulfur nanoparticles synthesized from HCl catalyzed 5 mM 

thiosulphate at 28 °C: (a) DLS data. (b) UV absorbance data. 
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1250 nm and required time also changed to 30, 130, 150, and 180 min respectively. As 

mention before the rate of the reaction depends on both concentration of thiosulphate and 

acid and since the reaction rate increases with increasing the reactant concentration, that 

indeed increases the particle density in the bulk phase and in turn the particle growth rate. As 

reaction rate is very fast, the overall particle size mainly depends on the coarsening of 

particles in the media. The coarsening rate constant (kc) with increasing thiosulphate 

concentration is plotted in Figure 3.17. It has been found that there is a linear relationship 

between the coarsening constant and reactant concentration. When the reactant concentration 

is low, the particle density in the media is low, that leads to less collision and coalescence 

among the particles. Therefore, low reactant concentration media shows slow growth rate and 

ultimate lower size particles. Whereas, in case of high reactant concentration, the initial 

reaction rate as well as the particle density is high. As a result, with increasing reactant 

concentration due to Oswald ripening, the particle size increases and the time required to 

attend the equilibrium size is also more. Figure 3.18 shows the absorbance data for HCl 

catalyzed different concentration of sodium thiosulphate solutions. While comparing the 

results obtained from DLS and UV-vis spectroscopy it is found that the equilibrium time is 

more for DLS than the UV results. This can be attributed as after the completion of reaction 

due to agglomeration the particle size increases continuously; however, the sulfur 

concentration become constant; as a result, there is no absorbance change after completion of 

the reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Growth kinetics of sulfur nanoparticles with the increasing thiosulphate 

concentration synthesized from HCl catalyzed reaction at 28 °C. 
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Figure 3.17. Plot of coarsening rate constant with the increasing thiosulphate concentration 

synthesized from HCl catalyzed reaction at 28 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18. UV absorbance of sulfur nanoparticles synthesized from HCl catalyzed reaction 

of different thiosulphate concentrations at 28 °C. Inset shows the plot at lower absorbance 

range. 
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aqueous media. Figure 3.19 shows the difference in particle size with time in HCl catalyzed 

media from 5 mM thiosulphate concentration in the presence 3 × CMC of different individual 

surfactant solutions. In the presence of surfactant, surfactant molecules are adsorbed through 

their hydrophobic tailgroup on the particle surface as sulfur is a neutral element. That was 

also confirmed from the zeta potential study. 
39

 The zeta potential of sulfur particle in the 

absence surfactant is low but in the presence of any ionic surfactant that increases. 

Ultimately, a net charge is developed on the particle surface in the presence of ionic 

surfactants. Therefore, due to electrostatic repulsive force between surfactant adsorbed sulfur 

particles the collision tendency reduces. In the absence of surfactants the van der Waals 

attraction force is responsible to increase the particles size; however, the electrostatic 

repulsive is predominant over the attractive force in the presence of surfactants. As a result, 

agglomeration due to particle’s collision and attraction also decreases in the presence of ionic 

surfactants. The growth rate in the presence of nonionic (TX-100) is also less than compare to 

pure aqueous media but comparatively higher than the ionic surfactants. In the presence of a 

nonionic surfactant (TX-100) the zeta potential values are even lower than only aqueous 

media, but the hydrated layer formed around the particles, and steric hindrance may reduce 

the agglomeration tendency. The coarsening rate constant (kc) is also calculated in the 

presence of surfactant solutions and reported in Table 3.4. From the table it is clear that there 

is a difference between the coarsening rate constant among the three surfactants studied here 

and pure aqueous media. Experimental results show in the presence of ionic surfactants the 

growth rate is very slow and minimum in cationic surfactant (CTAB) solution. 
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Figure 3.19. Growth kinetics of sulfur nanoparticles synthesized from HCl catalyzed 5 mM 

thiosulphate in the presence of TX-100, CTAB, and SDBS at 28 °C. 
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Figure 3.20. UV absorbance of sulfur particles synthesized from HCl catalyzed 5 mM 

thiosulphate in the presence of TX-100, CTAB, and SDBS at 28 °C. 
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 for a fixed thiosulphate concentration. The coarsening 
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Figure 3.21. The change in coarsening constant (kc) with the increasing surfactant (SDBS) 

concentration in HCl catalyzed media and 28 °C. 
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sonication, acid ionization constant are also affects the growth rate as well as equilibrium 

particles size. There is a linear increase in coarsening rate constant with the increase in 

reactant concentration. Coarsening rate constant of an organic acid is lower than that of the 

inorganic acids, between the inorganic acids monobasic acid (HCl) is having lower 

coarsening rate constant than that dibasic acid (H2SO4). The surfactants also play a major role 

in reduction the rate of nucleation and growth process. Among the three different surfactants 

studied here the coarsening rate constants are changing according to: TX-100 > SDBS > 

CTAB. The growth rate is also depends on the concentration of the surfactant. It has been 

found that growth rate decreases nonlinearly with the increasing surfactant concentration and 

becomes almost constant close to the CMC of the surfactant. 
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4.1 Introduction 

Hollow nanoparticles are currently of great interest in nanotechnology. These particles are 

always superior to normal nanoparticles of the same material in a wide range of applications 

such as drug or gene delivery, 
1,2

 bioencapsulation, 
3
 controlled release, 

4,5
 medical 

diagnostics, 
6,7

 lithium-ion batteries, 
8,9

 and catalysis 
10,11

 etc because of high surface to 

volume ratio, low density, low refractive index and thermal expansion coefficient. Recently 

there is an immense interest among the researchers to find more friendly routes for the 

synthesis of hollow nanoparticles, to produce hollow nanoparticles easily for different 

applications. The existing routes for hollow nanoparticles synthesis are mostly focused on 

either single step method 
12,13

 or sacrificial core method 
14,15

. Single step method is too 

specific to get a wide range of materials. 
12,13,16

 In contrast, core/shell method using a 

sacrificial core can be used for a wide variety of hollow nanoparticles. 
15,17–19

. In general, an 

easy technique of core removal is always preferable; therefore the core selection is very 

important. The organic cores such as surfactant micelles, 
20,21

 vesicles, 
22,23

 or widely used 

polymers 
15,17–19

 are removed by solvent washing or calcinations at high temperature. 

Whereas, the inorganic cores especially metals, silica are generally removed by acid or alkali 

leaching. 
14,24–26

 The core particles are generally selected depending on the sensitivity of the 

shell materials towards high temperature, acid, or alkali; as well as the selectivity of coating 

after proper surface modification (if required). In the core/shell method the core particles are 

either synthesized in situ 
14,17,19,20,22,24–28

 or sometimes supplied externally 
15,18,29–32

.  

Ag2S is an important direct semiconductor material with band gap ~ 1 eV, 
33–35

 having 

excellent photoelectric and thermoelectric properties, 
36

 good chemical stability 
37,38

 

negligible toxicity to leaving organisms 
39–41

; and because of these properties Ag2S is used in 

various commercially available optical and electronic devices 
35,42,43

. Although there are 

many literature available on Ag2S nanoparticles but limited on hollow particles. 
37,44,45

 

Recently hollow/solid Ag2S/Ag heterodimers show enhanced antimicrobial property against 

E. coli. 
38

 

Surfactant mediated one-pot synthesis of core and core/shell nanoparticles in aqueous 

media may improve the basic understanding in colloid and interface science. The stability of 

colloidal core particles in the presence of surfactants molecules in aqueous media is 

important to get stable and small size core particles. The formation of core/shell nanoparticles 

is mainly driven by the opposite surface charge of the core particles as well as heterogeneous 

nucleation at the core particle surface. 
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Therefore, in this chapter we report a novel and easy route, using sulfur as a sacrificial 

core for the preparation of hollow Ag2S nanoparticles in aqueous media. Previously reported 

sacrificial cores were removed by either dissolution or calcination for the synthesis of hollow 

nanoparticles, however using the sulfur as a sacrificial core the advantage is the same core 

can be removed by both dissolution and calcination depend on the properties of shell 

material. As a result, the method is more generalized to prepare a wide variety of hollow 

nanoparticles.  

 

4.2 Experimental Section 

4.2.1 Materials 

The required chemicals were purchased from the following sources: Sodium thiosulphate 

(Na2S2O3, 5H2O) from Rankem, Cetyltrimethyl ammonium bromide (CTAB) with 99% 

purity from Sigma Aldrich, Nitric acid (HNO3) from Merck, AgNO3 from Ranbaxy with 

99.9% purity, and Carbon disulfide (CS2) from Merck with 99% purity. All the chemicals 

were used as it is received without any further purification. Ultrapure water of 18.2 MΩ.cm 

resistivity and pH 6.4–6.5 (Sartorius, Germany) was double distilled again and used for all 

the experiments. The constant temperature 28 + 0.5 °C was maintained throughout the 

experiments.  

 

4.2.2 Synthesis Technique 

Hollow Ag2S nanoparticle is synthesized by the sacrificial core removal method by removing 

sulfur core by dissolution according to the Scheme 4.1. Initially sulfur nanoparticles as core 

were synthesized from HNO3 catalyzed reaction of sodium thiosulphate in the presence of 

CTAB solution according to chapter-3. After the completion of core formation, the solution 

was sonicated by a probe type sonicator using 260 watt for 20 min, and finally AgNO3 

solution was added slowly step wise in situ under continuous stirring condition for uniform 

shell coating on the core surface. After a waiting period of 60 min the particles were 

separated by centrifugation at 25000 rpm for 20 min, washed thrice by water ethanol mixture 

(1:1, v/v) and finally, treated with CS2 for the complete conversion of AgBr to Ag2S, as well 

as to remove the core to form Ag2S hollow particles. 
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Scheme 4.1. Schematic diagram for the synthesis of hollow Ag2S nanoparticles by sacrificial 

core removal method. 

 

4.2.3 Particle Characterization 

Particle size measurement was carried out by dynamic light scattering (DLS) using Malvern 

Zeta Size analyzer, U.K. (Nano ZS) with a help of cumulant fitting model and intensity 

distribution within the media. The size and shape of the particles were observed under a 

scanning electron microscope (JEOL JSM-6480LV) and transmission electron microscope 

(Tecnai S-twin). Core/shell and hollow particles were also characterized by UV-vis-NIR 

Spectroscopy (Shimadzu-3600), fluorescence spectroscopy (Hitachi-7000), TGA (Shimadzu), 

and X-ray diffraction (XRD) (Philips, PW 1830 HT).  

 

4.3 Results and Discussion 

4.3.1 Mechanisms of Particles Formation 

Sulfur is a neutral element, having almost zero surface charge (−2.17 mV) in aqueous HNO3 

media as mention in chapter-3. In the presence of CTAB (2.8 mM) solution, CTAB 

molecules are adsorbed on the sulfur particle surface through the tailgroup, and a uniform 

positive surface charge of +26.0 − +30.0 mV is developed on the core particle surface. In 

aqueous media AgBr particles show negative surface charge of −15 − −25 mV. This 

difference in surface potential is the driving force to form S/AgBr core/shell nanoparticles, 

whenever AgNO3 is added to the CTAB stabilized suspension of core particles. The cationic 

surfactant (CTAB) plays here important roles, such as act as a capping agent to generate 

lower size core particles, 
46

 prevent agglomeration, surface modifier for the uniform and 

favorable complete coating of core particles, and a reactant by supplying the counter Br
−
 ions 

to form AgBr. The reactions for core and shell formation can be written as: 

+ 

+ + 

+ 
+ 

+ 

+ + 

+ 

+ 

+ 

+ 

Surface modifier 

CTAB 
+ 

Sodium 

thiosulphate 

Acid 

AgNO3 Dissolution                                                                                                             

in CS2 
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Na2S2O3 + 2HNO3 → 2NaNO3 + H2SO3 + S ↓(core)
   4.1 

AgNO3 + CTAB
+
Br

-
 → CTA

+
 + AgBr ↓ (shell)

    4.2 

Additionally, in the next step of aqueous alcohol washing of the core/shell nanoparticles; 

the reactivity of the sulfur nanoparticles increases because of the presence of alcohol; as a 

result, elemental sulfur atoms of the core surface react with AgBr and convert to Ag2S. There 

is also another possibility of the formation of Ag2S from the dissociation of silver 

thiosulphate complex which formed in the presence of un-reacted thiosulphate ions present in 

the media. 
37,44

 The negatively charged complex [Ag(S2O3)
-
, Ag(S2O3)2

3-
] may preferably 

adsorb on the surfactant modified core surface, and subsequently generate S
2-

 ion after 

hydrolysis of the complex, that can further react with Ag
+
 to form Ag2S. Finally, when the 

core/shell particle is treated with CS2 AgBr is completely converted to Ag2S as well as the 

core is also dissolved to form hollow Ag2S particles. The probable reactions can be presented 

as: 

OHSOHSAg)OAg(S,)OAg(S 2322
OHHC,H3

3232
52 ++ →

+
−−

   4.3 

222 BrCSSAgCS2AgBr ++→+       4.4 

n22 S)(AgSnAg →         4.5 

n(CS)nCS →          4.6 

 

4.3.2 Effect of AgNO3 Concentration on the Core/Shell Particles Size and Shell 

Thickness 

The control on the size as well as the shell thickness of hollow nanoparticles is very 

important for different applications. In this study fixed size core particles (~60 ± 6.1 nm) 

were used as a template obtained by HNO3 catalyzed disproportionation reaction of 5 mM 

thiosulphate solution in CTAB micellar media and after the core/shell formation, the final 

size was again measured to get the shell thickness. While increasing AgNO3 concentration 

the final size of the core/shell particles and the shell thickness increases continuously (Figure 

4.1). To support the formation of core/shell particles over the possibility of formation of 

separate solid particles of shell material, we also studied the effect of AgNO3 concentration 

on size of the pure AgBr particles formation, and observed the particle size decreases with the 

increasing AgNO3 concentration. Whereas for the core/shell nanoparticles, as the particle size 

increases with the increasing reactant concentration, indirectly indicates the core is coated by 

AgBr. At 0.01 mM AgNO3 concentration, the core/shell particle size obtained was ~170 ± 
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10.4 nm measured by DLS with a narrow distribution, as well as a very small peak near to 90 

nm (As shown in Figure 4.2). The size of the pure AgBr particles synthesized from same 

AgNO3 concentration was also about 90 ± 5.2 nm. These results indicate during the second 

step of the synthesis mostly core/shell particles were formed with a very few separate pure 

AgBr particles. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Effect of silver nitrate concentration on the overall particle size and shell 

thickness for a fixed sized core particles (60 nm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Particle size distribution of S and S/AgBr nanoparticles in CTAB micellar media 

at 5 mM thiosulphate and 0.01 mM AgNO3 concentration.
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4.3.3 Characterization of Particles by UV-vis Spectroscopy 

To support indirectly the formation of core/shell and conversion of AgBr shell to Ag2S, 

UV-vis spectroscopy was used for different particles such as pure core (S), pure shell 

materials (AgBr), coated particles (S/AgBr), mixture of core and shell particles (S+AgBr) 

prepared individually, core/shell particles after aqueous ethanol (1:1, v/v) wash (S/AgBr-

Ag2S), and core/shell particles after CS2 wash (expected to be hollow Ag2S). UV spectra (As 

in Figure 4.3a) of single particles clearly show that both are having peak at 271 nm 

wavelength with higher absorbance value of sulfur (S = 0.935, AgBr = 0.358) as indicated by 

the spectra (i) and (ii). Pure S synthesized in aqueous media is not having any specific peak 

but shows high absorbance below 300nm wavelength, the presence of peak at 271 nm for 

both the single particles in CTAB media may be because of the adsorption of CTAB 

molecules on the surface of the particles. The absorbance values obtained for different 

materials are compared as follows: S > S/AgBr > (S+AgBr) > AgBr at 271 nm wavelength. 

From the spectra it was observed that after the addition of AgNO3 there was a change in the 

absorbance. However to confirm whether AgBr really coats on the S particles surface or they 

formed separate AgBr particles; two different spectra S/AgBr (denoted as (iii) in Figure 4.3a) 

and S+AgBr (denoted as (iv) in Figure 4.3a) are compared. It is observed that the absorbance 

(0.66) of the mixed particles (S+AgBr) is very close to that of average absorbance of two 

single particles ((0.935+0.358)×0.5 = 0.6465); the average is taken because the particles were 

mixed in equal volumes. However, the core/shell particles show higher absorbance (0.817) 

indirectly indicates that these particles are different from the mixture of S and AgBr particles. 

Interestingly, a significant change in the spectra from the original was observed when the 

S/AgBr particles were treated with aqueous alcohol (1:1) and CS2 as shown in spectra (v) and 

(vi) respectively. These two spectra do not show any absorbance peak at 271 nm. The 

absorbance of these two particles decreases below 300 nm wavelength but it increases above 

that wavelength especially in the visible wavelength region compare to the remaining other 

four spectra. The absorbance of hollow nanoparticles (after CS2 treatment) is even higher 

compare to the aqueous ethanol treated S/AgBr particles above 480 nm wavelength. The 

photograph of six different solutions, one can also easily see the difference in physical 

appearance of all the samples; indicate they are different (Figure 4.3b).  
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Figure 4.3. (a) Uv-vis spectra of pure S (i), AgBr (ii), S/AgBr (iii), S + AgBr (iv), S/AgBr 

after alcohol wash (v), and hollow Ag2S (vi); (b) Physical appearances of the samples. 

 

4.3.4 Characterization of Particles by Fluorescence Spectroscopy 

Photo luminescence properties of all the particles were also studied by the help of 

fluorescence spectroscopy to see the differences. The samples were excited at 270 nm 

wavelength and measured the emission spectra for each samples (As shown in Figure 4.4). 

All samples except sulfur show emission spectra at 543.0, 547.4, 543.8, and 543.4 nm 

wavelength with an impressive full width at half-maximum (FWHM) as small as 5.1, 10.1, 

9.6, 9.5 nm for pure AgBr, S/AgBr, aqueous ethanol treated S/AgBr, CS2 treated S/AgBr 

respectively, which could be attributed to the narrow size distribution of the particles. While 

comparing the the emission spectra of as prepared S/AgBr and alcohol washed same 

particles, there is an increase in intensity after the alcohol wash. However, pure AgBr and 

S/AgBr are having almost same intensity but at different wavelength that may be because of 

the presence of sulfur that change the effecttive band gap of AgBr particles. This intensity 

change can be attributed to partial conversion of AgBr shell to Ag2S during alcohol wash. 

The AgBr is an indirect semiconductor material of band gap 2.5 eV, whereas Ag2S is a direct 

0

0.2

0.4

0.6

0.8

1.0

280 320 360 400 440 480 520 560 600

A
b

so
rb

a
n

ce

W avelength (nm )

(i)

(ii)

(iii)

(iv)

(v)

(vi)

(a)



102 

 

semiconductor material of band gap 1 eV. Since Ag2S is a direct semiconductor it is expected 

to have high intensity of emission light compare to that of AgBr, which is an indirect 

semiconductor. Although Ag2S is a low band gap material, still the emission at the 543nm 

(2.28 eV) is observed; as the shell is formed by the deposition of small sized particles (5-10 

nm, discussed later in section 4.3.6). The presence of these small size particles leads to 

quantum confinement, as a result the particles emits high energy light, although overall 

particle (shell) size is large. The further increase in emmited light intensity after CS2 

treatment is attributed to complete conversion of Ag2S from AgBr as well as the complete 

removal of core (S) material. In addition, aqueous ethanol treated S/AgBr and CS2 treated 

S/AgBr particles show an extra peak at higher wavelength at 817.8 (1.516 eV) and 818.2 nm 

(1.515 eV) respectively may be because of bulk Ag2S particles. Quantum yield (QY) was 

calculated for hollow Ag2S and pure Ag2S particles synthesized by the same route using 

phenol as a standard material (QY = 0.14). 
47

 The QYs of the hollow and solid Ag2S particles 

are 0.89 and 0.22 respectively as calculate from the integrated intensity plot (Figure 4.5), 

clearly shows 67% enhancement of QY for hollow particles. 

 

Quantum Yield Calculation: 
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rad

rad
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YQQ.Y

η

η
      4.7 

Where, Q.YS – Quantum yield of the sample 

 Q.YR – Quantum yield of the reference (Phenol) 

 GradS – Slope of the Integrate intensity vs. absorbance line for sample 

 GradR – Slope of the Integrate intensity vs. absorbance line for reference (Phenol) 

 ηS – Refractive index of the sample 

 ηR – Refractive index of the reference (Phenol) 

 

 

Table 4.1. The fitting equation and R
2
 value of integrated intensity vs. absorbance line for 

phenol, solid and hollow Ag2S particles. 

 

 

 

 

 

 

Material Equation R
2
 

Phenol y = 111.90x – 310.90 0.939 

Solid Ag2S y = 88.05x + 12.94 0.995 

Hollow Ag2S y = 348.10x – 12.82 0.969 
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Figure 4.4. Emission spectra of AgBr (i), S/AgBr before (ii) and after washing (iii) with 

aqueous ethanol solution, and hollow Ag2S (iv); when excited at 270 nm wavelength. 
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Figure 4.5. The plot of integrated intensity with increasing absorbance of (a) standard phenol 

solution, and (b) solid and hollow Ag2S particles. 
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little higher temperature 305 °C. Since the auto ignition temperature of the sulfur is 248-266 

°C, the weight loss at 288 °C is due to ignition of sulfur in the presence of air. The shifting of 

ignition temperature of sulfur to 17 °C more is attributed as coating of AgBr on sulfur 

surface. In case of pure AgBr particles also there is some weight loss may be due to burning 

of the adsorbed CTAB molecules on oppositely charged AgBr surface, as the loss is very 

less. From the calculation of material balance of core/shell particles the weight retention 

should be ~11% after burning, the experimentally obtained value is close to that ~7%; the 

difference may be due to the presence of adsorbed surfactant molecules that is not included in 

calculation.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. TGA curve of the core (S), core/shell (S/AgBr) and pure AgBr particle during 

heat treatment under constant air flow. 
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complex [Ag(S2O3)
-
 or Ag(S2O3)2

3-
]. However, after washing of S/AgBr particles with 

aqueous ethanol the XRD pattern changes totally, as the characteristic peak of AgBr is 

vanished and more new prominent peaks of Ag2S appear at 31.47º, 34.37º, 37.71º and 40.52º 

(2θ). The appearance of new peaks was because of the presence of monoclinic Ag2S 

confirmed with literature value (14-0072 from JCPDS PDF Number). The formation of Ag2S 

after aqueous ethanol treatment confirms once again by XRD as speculated before 

qualitatively. The XRD pattern of alcohol washed S/AgBr particles after treating with CS2 

shows 100% matching with the literature of monoclinic Ag2S (09-0422 from JCPDS PDF 

Number), this confirms the final product is completely Ag2S nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. XRD pattern of core (S), core/shell S/AgBr before and after washing, and hollow 

Ag2S particles [* and ^ represents for monoclinic and cubic Ag2S respectively, # for cubic 

AgBr]. 
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4.3.6 Characterization of Particles by SEM and TEM 

The SEM images confirm that the AgBr coated core/shell particles are almost spherical shape 

as shown in Figure 4.8a. The magnifies FESEM images show the surfaces of core/shell and 

hollow particles are not very smooth, probably the shell was formed by deposition of very 

small sized (5-10 nm) nanoparticles on the core surface (Figure 4.8b). The EDX of hollow 

Ag2S particles shows the presence of Ag and sulfur of atomic ratio (Ag:S) 1.7:1, close to that 

of Ag2S. As shown in the TEM image (Figure 4.9a) of the S/AgBr particles after washing, 

there is the contrast difference in the figure indicates the formation of core/shell particles. 

The lattice fringe and the lattice spacing for pure S is 0.39 nm, are shown in figure (Figure 

4.9b). In the previous section, the XRD data indicates the core is highly crystalline in nature 

but after coating crystalline nature of the core/shell and even after CS2 treatment hollow Ag2S 

particles decreases with low intensity XRD peak. This can be attributed to the formation of 

shell by the deposition of very small sized nanoparticles. The high resolution TEM images 

also show the same results (Figure 4.9c), without coating the lattice fringe of the sulfur 

particles is clear but because of the coating of less crystalline Ag2S material the sharpness 

lattice fringes decreases. The high resolution magnified distinct image of a hollow particle 

(As shown in Figure 4.9d and 4.10). There is also a good agreement between the TEM results 

and the DLS data for the size and shell thickness of the hollow particles. 

 

 

 

 

 

 

 

 

 

 

Figure 4.8. (a) SEM image of core/shell (S/AgBr) nanoparticles, (b) magnified FESEM 

image hollow Ag2S nanoparticles. Inset shows EDX spectrum of hollow particles. Particles 

were synthesized from 5 mM thiosulphate and 0.1 mM AgNO3 concentrations. 
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Figure 4.9. TEM image of (a) S/AgBr, (b) close up image of naked S, (c) close up image of 

S/AgBr, and (d) hollow Ag2S particles synthesized from 5 mM thiosulphate and 0.1 mM 

AgNO3 concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10. TEM image of hollow Ag2S particles in bulk. Inset shows the high resolution 

image of two different hollow Ag2S particles. Particles were synthesized from 5 mM 

thiosulphate and 0.1 mM AgNO3 concentration. 
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4.4 Conclusions 

A sacrificial core of sulfur nanoparticles were used to synthesized Ag2S hollow nanospheres 

via a wet chemical method at room temperature. There are only a few literature available on 

hollow Ag2S nanomaterials, 
37,44,45

 where hollow structures were obtained using a template of 

surfactant micelle (CTAB) 
37,44

 or template free additive (thiourea) 
45

 in aqueous media. They 

were able to produce Ag2S hollow structure of rhombic, 
37

 hexagon with a hole, 
44

 network-

like or tube structure, 
45

 in contrast, spherical closed hollow nanostructure can be prepared 

using the propose route. Different characterization techniques such as by UV-vis 

spectrometry, fluorescence spectroscopy, XRD and TEM were also confirmed the formation 

of S/AgBr core/shell as well as hollow Ag2S. Shell thickness can be controlled by 

maintaining the AgNO3 concentration. The previously reported studies mostly focused on the 

formation hollow particles without showing any improved properties hollow structure. In this 

paper we studied the light emission property of hollow Ag2S particles and compare with the 

solid particles. The hollow Ag2S nanoparticles showed 67% higher quantum yield compare to 

the solid Ag2S nanoparticles. More importantly, this route can also be useful to prepare a 

wide range of hollow nanoparticles. The whole process (formation of core, core/shell, and 

hollow particles) may contribute to improve the understanding of stabilization colloidal 

particles through surfactant adsorption, formation of core/shell structure, nucleation and 

growth of nanoparticles. 
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5.1 Introduction 

Multi-shell nanoscale hetero-structure in the form of rattle 
1
 or hollow 

2–7
 shape have been 

more focused in recent years because of their promising applications in plasmonic, catalytic, 

optical, and biomedical fields 
2,6,8

. The properties of these particles, in general, can be tuned 

by tuning the particle size, composition, sequence of shell layers, thickness of the individual 

shell layers, and so on. Most of the cases these type of particles may also show dual 

properties, so these particles are applicable in multipurpose, especially multi-shell noble 

metal, semiconductor nanoparticles, magnetic or metal oxides materials are extensively 

studied because of their wide ranges of applications such as in modern electronics, catalysis, 

and biomedical fields. The quantum yield (QY), response time, and the life time of the 

semiconductor materials at the applied environment are major concern factors for any 

particular application 
9,10

. The band gap and types of the semiconductor materials (either 

direct or indirect) provides an idea regarding the stability and response time for designing of 

these structures. Generally, direct semiconductor material with moderate band gap (~1.4-2.5 

eV) are useful for the application in optical imaging or sensor because of the direct radiative 

transition between excited to valence state and average stability. 
11

 In most of the applications 

of semiconductor nanomaterials, either single or multi-shell core/shell hetero-structured 

materials are used recently instead of simple pure semiconductor materials. 
10

 The advantages 

of multi-shell nanoparticles over pure or single-shell core/shell nanoparticles are mainly 

improved optical properties (including higher quantum yield, higher photoluminescence 

efficiency) and increased half-life time of the semiconductor materials, which in turn increase 

the efficiency of these materials in different applications 
9,10

 Additionally, the other 

advantages of multi-layer nanoparticles are the easy detection of materials because of the 

shifting of emission spectra towards higher wavelength (visible range), better photo-oxidation 

stability, improved appropriate electronic properties (band gap, band alignment), and finally 

better structural (lattice mismatch) properties than that of pure and even single-shell 

core/shell nanoparticles. In spite of the fact that the studies on the multi-layer hollow 

especially more than double layer nanoparticles are rare, but multi-layer core/shell 

nanoparticles especially semiconductor based 
12–17

 or combinations of semiconductor and 

other materials such as metal and metal oxides 
18–21

 are mostly studied by different research 

groups.  

 In general, photoluminescence property of semiconductor materials are utilized 

extensively in bio-molecular diagnostics, ultrasensitive in vitro assays for optical imaging, 
22–

24
 and chemical detector 

25–28
 applications. Among several semiconductor nanoparticles ZnS 
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is a well-known important direct semiconductor with a band gap of 3.66 eV 
22,29

; and can be 

used for in vivo bio-applications because of its low toxicity 
30–32

. Additionally, ZnS is useful 

for nonlinear optical devices, sensor, lasers, and flat display field because of its remarkable 

optical and electrical properties 
2,33

. However, the major problem associate with ZnS is its 

high band gap as well as low QY. Different attempts have been made to improve the QY of 

ZnS nanoparticles such as incorporation of low band gap materials or metals as dopant 
22,28

, 

formation of a surface layer with any low band gap band semiconductor or other materials in 

the form of core/shell particles 
23,24,30,34

. In some recent study it was observed that the doping 

of Bi and Au 
25,34

 on hollow ZnS nanoparticles also enhance the optical and catalytic 

properties. To the best of our knowledge the ZnS based hollow multi-shell (two or more shell 

layer) nanoparticles are not studied but ZnS based multilayer core/shell nanoparticles with 

CdS or CdSe were well studied by different research groups 
35–38

. Ag2S is an another 

important semiconductor material having low (~1.0 eV) band gap 
39,40

 which is frequently 

used in various electronics devices 
41

. Because of low toxicity of both materials, the 

combination of these can be utilized for the biomedical applications. It has also been 

observed the hollow nanospheres have broad range of potential applications in catalysis or 

biomedical field compare to that any solid spheres because of the higher specific surface area 

42–44
, and it is easy to load drug within the cavity for specific control drug release 

45–50
.  

 Herein, in this chapter we report an easy novel method for the synthesis of hollow double-

shell semiconductor nanoparticles of Ag2S and ZnS by sacrificial core technique using sulfur 

as sacrificial core through the formation of either S/Ag2S/ZnS or S/ZnS/Ag2S core/shell/shell 

particles. The main objective of the study is to increase the photoluminescence property of 

ZnS particles by altering the inner and outer material and the results are compared with the 

single shell hollow particles.  

 

5.2 Experimental Section 

5.2.1 Materials 

The required chemicals were purchased from the following sources: sodium thiosulphate 

(Na2S2O3, 5H2O) from Rankem, cetyltrimethyl ammonium bromide (CTAB) with 99% purity 

from Sigma Aldrich, nitric acid (HNO3) from Merck, AgNO3 from Ranbaxy with 99.9% 

purity, Zn(NO3)2 6H2O] from Merck (96-103% assay) and carbon disulfide (CS2) from 

Merck with 99% purity. All the chemicals were used as it is received without any further 

purification. Ultrapure water of 18.2 MΩ cm resistivity, 71.5 mN/m surface tension, and 6.4–
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6.5 pH was used for all the experiments. The constant temperature 28 ± 0.5 °C was 

maintained throughout the experiments. 

 

5.2.2 Synthesis Techniques 

Sulfur nanoparticles as core were synthesized from HNO3 catalyzed reaction of sodium 

thiosulphate in the presence of CTAB solution according to our previous study.
51

 After the 

completion of core formation, the solution was sonicated by a probe type sonicator using 

260W for 20 min, and then finally for the 1
st
 shell coating the reactants [either AgNO3 or 

Zn(NO3)2 for Ag2S and ZnS respectively] was slowly stepwise added to solution with 

constant stirring in the presence of S
2-

 ions. After a waiting period of 60 min for completion 

of reaction the solution was soincated by probe sonicator using 150W for 15 min and next 

reagents (alternatively either AgNO3 or Zn(NO3)2 depending on the external shell material) 

were added for final external coating to the solution in situ without separating the particles. 

Then the particles are separated by centrifugation at 25,000 rpm for 20 min, washed thrice by 

water ethanol mixture (1:1, v/v) and, finally, the collected washed solid materials were dried 

in hot air oven at 55 °C for overnight and calcined at 450 °C for 30 min in air to remove the 

sulfur for the formation of multi-shell hollow particles.  

 

5.2.3 Particle Characterization 

Particle size measurement was carried out by dynamic light scattering (DLS) using Malvern 

Zeta Size analyzer (Nano ZS), with the help of cumulant fitting model and intensity 

distribution within the media. The size and shape of the particles were observed under a 

scanning electron microscope (JEOL JSM-6480LV) and transmission electron microscope 

(Tecnai S-twin). Hollow particles were also characterized by UV–vis–NIR Spectroscopy 

(Shimadzu-3600), fluorescence spectroscopy (Hitachi-7000), and X-ray diffraction (XRD) 

(Philips, PW 1830 HT). 

 

5.3 Results and Discussion 

5.3.1 Characterization of Double-shell Hollow Nanoparticles by UV-vis Spectroscopy 

Initially after the formation of different hollow particles, their light absorption properties 

were preliminary characterized by UV-Vis spectroscopy, which is a characteristic of 

individual materials in a certain wavelength region. The absorption spectra of the hollow 

Ag2S, ZnS/Ag2S, Ag2S/ZnS, and ZnS nanoparticles are shown in Figure 5.1. The figure 

depicts the absorbance spectrum of the hollow Ag2S particles have a higher absorbance 

intensity than that of other three spectra in the visible region because of its low band gap 
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(~1.1 eV), and hollow ZnS shows a high intensity absorbance peak in the UV range at 231 

nm wavelength (inset of Figure 5.1). However, when hollow Ag2S particles are externally 

coated with ZnS the pattern of absorbance spectrum is different than that of hollow ZnS 

particles (as shown in inset Figure 5.1). The absorbance intensity of hollow Ag2S/ZnS 

particles increases in the UV region without any specific peak with respect to that of hollow 

Ag2S but lower than hollow ZnS nanoparticles and shows a shoulder at 360 nm because of 

the external shell coating of high band gap ZnS material (~3.66 eV) on the low band gap 

Ag2S, therefore ZnS is directly exposed to the imposed light that influence the absorption 

spectrum. The increase in absorbance in the visible region is mainly because of the influence 

of the internal Ag2S shell, but the magnitude is lower than pure hollow Ag2S particles 

because of the presence of thick ZnS layer (~28 nm). Generally, when the outer shell layer 

thickness is more, the incident light cannot completely penetrate through it. On the other 

hand, when the sequence of materials are just reverse, in contrast to hollow Ag2S/ZnS, the 

absorbance pattern of the hollow ZnS/Ag2S nanoparticles is different, the absorbance 

intensity is high at extended visible region (above 710 nm wavelength) because of the 

presence of low band gap Ag2S in the external shell. At the same time, as the external shell 

thickness of Ag2S is ~23.3 nm, so it is expected that ZnS have partial effect on absorbance 

intensity of hollow ZnS/Ag2S particles, therefore at the UV region the absorbance is quite 

low compare to that of hollow ZnS or hollow Ag2S/ZnS particles. Additionally, the spectrum 

is also not matching with the hollow Ag2S nanoparticles at visible range. Hollow ZnS/Ag2S 

nanoparticles show a broad band with a wide peak at 330-360 nm and the absorbance at 

visible region is again lower compare to that of hollow Ag2S nanoparticles, this behavior can 

be attributed to the fact of formation of ZnS and Ag2S complex at the interface (which is 

confirm from the XRD analysis). The complex formation at the interface, in turn, leads to 

change in the electronic band structure because of the change in energy position of valence 

and conductance band of the complex material (as shown in Scheme 5.1) and because of the 

low thickness of external layer this complex influence the absorbance spectrum in case of 

both double layer hollow particles so that the spectrum shows different spectrum pattern than 

that of Ag2S or ZnS nanoparticles at 330 to 370 nm region.    
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Figure 5.1. Absorbance spectra of hollow Ag2S, ZnS/Ag2S, Ag2S/ZnS and ZnS nanoparticles. 

 

 

 

 

 

 

 

 

 

 

Scheme 5.1. The electronic band position of Ag2S, ZnS and Zn[(Ag(SCN)2)2] complex in 

relative energy scale.  

 

5.3.2 Double-shell Hollow Nanoparticles Characterization by XRD analysis 

XRD pattern of both double shell hollow particles are shown in Figure 5.2. In our previous 

study 
41

 it was observed that the hollow Ag2S particles formed in this route are in monoclinic 

phase with inter-planar spacing 0.261 nm (Note: [220] plane lattice spacing for monoclinic 

Ag2S is 0.260 nm).In the present study for hollow Ag2S/ZnS particles after the coating of 

ZnS over Ag2S, peaks for Ag2S disappear and new peaks are observed because of cubic ZnS 

(02-0564 from JCPDS PDF number) with inter-planar spacing 0.311 nm (Note: [111] plane 

lattice spacing for cubic ZnS is 0.312 nm). Similarly, in case of hollow ZnS/Ag2S particles, 
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when the internal ZnS shell is coated with Ag2S the XRD pattern shows only monoclinic 

Ag2S (09-0422 from JCPDS PDF number). Therefore, these results support the formation of 

thick double shell coating on the core surface. But interestingly, it is observed that a common 

XRD peak of monoclinic zinc silver thiocyanate [Zn(Ag(SCN)2)2] (76-2302 from JCPDS 

PDF number) for both hollow particles, attributed to the formation of this complex during the 

removal of core (S) by calcinations at 450 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. XRD pattern of hollow Ag2S, ZnS, Ag2S/ZnS, and ZnS/Ag2S particles 

[Hexagonal Ag2S (*), hexagonal ZnS (#), and monoclinic zinc silver thiocyanate (^)] 

 

5.3.3 Characterization of Double-shell Hollow Nanoparticles by FESEM and TEM 

Analysis 

FESEM and TEM images of both double-shell hollow nanoparticles are shown in Figure 5.3 

and 5.4. Similar to hollow Ag2S nanoparticles (in chapter 4) in case of both the double shell 

hollow particles the external shell layer is formed by the deposition of small sized particles so 

that the outer surface of the particles are not very smooth, which is confirmed by the FESEM 

analysis as shown in Figure 5.3 (a,b). The TEM images (as shown in Figure 5.4a,b) are 

confirmed about the shape of the particles, both particles are almost spherical in structure. 

The size range of these particles is ~80-85 nm as obtained by DLS analysis, with a good 

agreement with TEM images (measured randomly for some individual particles). In both 

cases (hollow Ag2S/ZnS and ZnS/Ag2S nanoparticles) the shell thickness of Ag2S and ZnS 

are ~ 5-10 nm range after the removal of core by calcination.  
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Figure 5.3. FESEM image of hollow (a) Ag2S/ZnS and (b) ZnS/Ag2S nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. Electron diffraction pattern, higher resolution image of hollow (a) Ag2S/ZnS and 

(b) ZnS/Ag2S nanoparticles. 

 

5.3.4 Characterization of Double-Shell Hollow Nanoparticles by Fluorescence 

Spectroscopy 

Fluorescence spectroscopy is another characterization technique that gives some information 

about the band gap and QY, which are very important properties for a semiconductor material 

(a) 

Ag2S 

ZnS 

(b) 

Ag2S 

ZnS 

(b) (a) 
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is used for study. The light emission property of the material is an important factor for the 

application of these semiconductor materials in optical imaging or sensor that mainly 

associated with the type of semiconductor (direct or indirect) material and their band gap. 

Normally, the time span of light emission of the material decreases with lowering in the band 

gap, as a result, low band gap materials emits light within very short time (picoseconds or 

nanoseconds) while excited. Generally these materials are not suitable for the application in 

optical imaging purpose, but when a low band gap material is coated with a single layer high 

band gap material in the form of core/shell nanoparticles, electrons are located in the core 

whereas, holes are located throughout the core and shell layer, so the QY increases because of 

the passivation of the core surface and the elimination of the surface trap states. However, 

when the external layer thickness increases from single to bi-, tri-, or even more layer of 

molecules the QY decreases because of the crystal strain induced in heterostructure with 

increasing shell thickness, which may cause a new surface traps or crystallographic defects. 
52

 

Fluorescence spectra of hollow Ag2S, ZnS, and double-shell hollow Ag2S/ZnS and ZnS/Ag2S 

particles are shown in Figure 5.5. The QY of the hollow Ag2S nanoparticles increases to a 

greater extent compare to that of solid Ag2S synthesized by the same route as reported before. 

41
 In the present study it has been found (as shown in Table 5.1) that the QY of Ag2S 

decreases from 89 to 39% when coated with ZnS (27.8 nm thickness), but the QY of this 

double-shell particles is higher than that of pure hollow ZnS particles (14%) synthesized by 

same technique, which may have better application scope in optical imaging and sensor 

because of enhancement of QY. The result can be attributed to the fact that the coating of ZnS 

passivates the emission of Ag2S, on the other hand, the presence of internal layer of Ag2S 

influence the emission of ZnS, which in turn increases the QY of hollow Ag2S/ZnS 

nanoparticles than that of simple hollow ZnS nanoparticles. As observed in Table 5.2 the QY 

depends on the thickness of the external shell layer, when the thickness of ZnS is low (16.4 

nm) the QY is less (19%), then with the increase in thickness (27.8 nm) QY increases (39%) 

but further increase in thickness the QY again decreases (30%) similar trend was observed by 

Dabbousi et al.
53

 for CdSe/ZnS core/shell nanoparticles. Initially when the shell thickness is 

low there is a possibility of mixing between both layers at the interface, as a result radiative 

transition decreases so QY also decreases. In this case, when the external shell thickness is 

sufficiently large, in spite of mixing between two layers at the interface, the external shell 

layer is sufficiently thick to passivate the emission of Ag2S. As a result, QY and stability 

increases which in turn reflected in the fluorescence decay profile of hollow Ag2S/ZnS and 

ZnS/Ag2S nanoparticles (As shown in Figure 5.6), because in case of hollow Ag2S/ZnS 
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nanoparticles the emission decay is stilled observed in milliseconds scale whereas in case of 

hollow ZnS/Ag2S nanoparticles the in milliseconds time domain only residual intensity was 

observed. So it is expected emission is slower for hollow Ag2S/ZnS nanoparticles because of 

the presence of external ZnS layer than that of hollow ZnS/Ag2S nanoparticles. The 

decreasing QY because of thick shell layer of higher band gap materials was also observed for 

CdSe/ZnS and CdTe/CdS core/shell nanoparticles. 
52,53

 In case of double shell hollow 

ZnS/Ag2S nanoparticles, the coating of low band gap material (Ag2S) on the high band gap 

materials (ZnS) shows 21% increase in QY than the pure ZnS particles (14%) but the value is 

still lower compared to the pure hollow Ag2S nanoparticles. Noteworthy to mention that, an 

extra peak observed at 300.4 nm wavelength (corresponding to 4.13eV) for hollow ZnS, 

Ag2S/ZnS, and ZnS/Ag2S nanoparticles, because of the quantum confinement effect of small 

sized ZnS particles deposited during the formation of shell layer. This peak appears at higher 

wavelength than the corresponding band gap of bulk ZnS materials (3.66 eV). The intensity 

of the peak follows a decreasing sequence of hollow ZnS > hollow Ag2S/ZnS > hollow 

ZnS/Ag2S particles. There was no extra peak observed for hollow Ag2S particles. 

 During the synthesis of multi-shell semiconductor material epitaxial growth is one 

mechanism reported by many researchers. In general, epitaxial growth is prefarable to 

minimize the surface defects and electron mobility which increase the optical properties of 

these materials. However, in general, this epitaxial growth is possible when there is a lattice 

mismatch within 5%. In this case Ag2S and ZnS both are in different structure and the lattice 

plane is different [(ZnS: Cubic, lattice spacing 0.311 nm) and (Ag2S: monoclinic, lattice 

spacing 0.261 nm)] with a large diffrence in lattice spacing, so it is expected the second shell 

grow on the first shell though non-epitaxial growth. As there is no discrete interface between 

the two shell layer, which in turn possibly decreases electron mobility through the interface; 

therefore, the optical properties decreases drastically when Ag2S is coated with the ZnS. 

Whereas, these hollow Ag2S/ZnS or ZnS/Ag2S particles are optically more active than that of 

pure hollow ZnS particles because of the presence of more optically active Ag2S, generally 

these materials are more useful for biomedical application in vivo system as both Ag2S and 

ZnS are less toxic
23,30

 and for the other application especially as chemical detectors
27,28

. 
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Figure 5.5. Emission spectra of hollow Ag2S, Ag2S/ZnS, ZnS/Ag2S and ZnS nanoparticles. 

 

Table 5.1. The particles size after 1
st
 and 2

nd
 layer coating, fitting equation and R

2
 value of 

integrated intensity vs. absorbance line and QY values for phenol, hollow Ag2S, Ag2S/ZnS, 

ZnS/Ag2S and ZnS nanoparticles form fluorescence spectrum. 

Material Particles Size (nm) Equation R
2
 QY 

 After internal 

layer 

After external 

layer 

   

Phenol  - - y = 111.90x – 310.90 0.939 0.14 

Hollow Ag2S  - 170 ± 10.4 y = 348.10x – 12.82 0.969 0.89 

Hollow Ag2S/ZnS  85.9 ± 7.2 176.5 ± 2.6 y = 108.7x + 16.57 0.962 0.39 

Hollow ZnS/Ag2S 141 ± 4.1 187.5 ± 6.5 y = 81.78x + 17.69 0.958 0.21 

Hollow ZnS - 141 ± 4.1 y = 5.39x – 0.28 0.998 0.14 
 

Table 5.2. The external shell layer thickness, fitting equation and R
2
 value of integrated 

intensity vs. absorbance line and QY values for phenol, hollow Ag2S, Ag2S/ZnS, ZnS/Ag2S 

and ZnS nanoparticles form fluorescence spectrum. 

Material External layer 

thickness (nm) 

Equation R
2
 QY 

 

Hollow Ag2S/ZnS 

16.4 y = 53.6x + 15.53 0.988 0.19 

27.8 y = 108.7x + 16.57 0.962 0.39 

45.3 y = 81.78x + 17.69 0.958 0.30 
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Figure 5.6. Fluorescence decay profile of hollow Ag2S/ZnS and ZnS/Ag2S nanoparticles 

 

5.4 Conclusions 

In conclusion, we report a simple sulfur template-based sacrificial core removal technique for 

the synthesis of double-shell hollow ZnS/Ag2S and Ag2S/ZnS nanoparticles to improve the 

QY of ZnS. ZnS is important material for the optical imaging and sensor applications but the 

limitation of simple hollow ZnS particles is its low (0.14) QY; whereas, the presence of Ag2S 

in the form of double-shell hollow particles enhance the QY, which in turn enhance the light 

emission property and finally improve the possibilities of some novel applications. The 

presence of Ag2S as inner shell is more effective than as outer shell to enhance the QY, the 

enhancements are 25% and 7% more respectively for inner and outer Ag2S shell compare to 

the pure hollow ZnS particles. The QY of hollow Ag2S/ZnS nanoparticles is also depends on 

the thickness of the ZnS layer, and it is maximum at a certain shell thickness, but below and 

above that thickness the QY decreases because of the either intermixing of two layers or 

passivation of emission of Ag2S layer because of thicker ZnS shell layer. 
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6.1 Introduction 

As mention previous chapters the hollow nanostructured materials are well known for their 

high specific surface area and low density, as a result they are important in catalysis, sensor 

and many other applications. Especially noble metal Au nanoparticles with porous and 

hollow structures are of great interest because of their improved performance in catalysis, 

electronics, and sensor applications. 
1–4

 Surface plasmon resonance (SPR) is one of the most 

important properties of the noble metal, it has been observed that the only surface area is not 

sufficient to increase SPR effect, 
5–7

 however the sharp edge, rough surface, and porous 

structure are also equally important to enhance the EM field to improve the SPR intensity. 
8–

10
 As a consequence the hollow Au particles have a high surface plasmon field generated by 

photon excitation, and this field is responsible for the higher SPR intensity than solid Au 

particles. 
2,11–13

 Hollow Au nanoparticles with higher particle size but lower shell thickness 

(in nano dimension) are also able to shift the light absorbance and SPR intensity peak to the 

infrared region which is useful for sensor applications in the biomedical field. 
14

 Similar to 

hollow Au nanoparticles, the noble bimetallic nanoparticles either in alloy, core/shell or 

hollow multi-shell heterostructure are equally importance because of its enhance optical 

property. Especially in Au-Ag combination, the presence of Ag in Au either in alloy or 

core/shell particles can enhance the optical properties, the absorbance and SPR peak position 

shifted to the extended visible or NIR region which will be more applicable for biomedical 

application. 
15

  

 Similar to other materials, mostly hollow Au particles are also synthesized by sacrificial 

core removal technique, either using inorganic or organic sacrificial template. 
1,15–18

 To get 

hollow particles most commonly used core particles can be broadly divided in two groups, 

soft core 
19–21

 or hard core 
1,14,16,22,23

. Generally, soft core are easily deformable and easy to 

remove; such as gas bubbles, surfactant micelles, enzymes or organic cores are under this 

group. But most of the cases hard cores such as Ag, AgCl, ZnO or any organic polymers are 

used for the synthesis of hollow Au nanoparticles in which these cores are removed by 

dissolution using acid or alkali or by calcination at higher temperature. The synthesis of 

hollow Au nanoparticles by galvanic replacement method using Ag as sacrificial core is an 

important method for the synthesis of nano sized particles. 
1,16,24

 In the recent study, direct 

synthesis of hollow Au particles is another new approach without using any template. 
25

 In 

this method different sized sub-100 nm (5, 10, and 20 nm) hollow Au particles were 

synthesized without any template in the presence of semifluorinated oligo (ethylene glycol) 

ligands. 
25
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 The main objective of this chapter is to comparative study the optical properties of pure 

(Au, Ag), bimetallic composite (Au-Ag), hollow Au and hollow double-shell Ag/Au 

nanoparticles. The noble metals are mainly useful in the biomedical field because of its 

enhanced optical properties like light absorption in extended visible region or 

photoluminescence property in extended visible and near infrared region. Herein, the hollow 

Au and Ag/Au nanoparticles are synthesized by proposed sacrificial core removal method 

using sulfur as sacrificial core through the formation of either S/Au and S/Ag/Au 

core/shell/shell particles and optical properties are studied. Then to compare the improvement 

in optical properties of these hollow nanoparticles, initially the solid Au, Ag and Au-Ag 

composite nanoparticles are synthesized by the same way through reduction of metal 

precursor by NaBH4 without any sulfur template in SDBS and CTAB media and studied the 

optical properties by the help of UV-vis and fluorescence spectroscopy.  

 

6.2 Experimental Section 

6.2.1 Materials 

The required chemicals were purchased from the following sources: sodium thiosulphate 

(Na2S2O3, 5H2O) from Rankem, Sodium dodecyl benzene sulphonate from Sigma Aldrich 

(Technical grade, Cat no. 28995-7), cetyltrimethyl ammonium bromide (CTAB) with 99% 

purity from Sigma Aldrich, nitric acid (HNO3) from Merck, silver nitrate (AgNO3) from 

Ranbaxy with 99.9% purity, chloroauric acid (HAuCl4. xH2O) from Loba Chemei with 49% 

assay and sodium borohydride (NaBH4) from Acros organic with >98% purity. All the 

chemicals were used as it is received without any further purification. Ultrapure water of 18.2 

MΩ cm resistivity, 71.5 mN/m surface tension, and 6.4–6.5 pH was used for all the 

experiments. The constant temperature 25 ± 0.5 °C was maintained throughout the 

experiments. 

 

6.2.2 Synthesis Techniques 

Pure Au, Ag, and composite Au-Ag nanoparticles were formed by reduction of HAuCl4 and 

AgNO3 respectively by NaBH4 in respective surfactant media. Whereas hollow Au and 

Ag/Au nanoparticles were synthesized by the sacrificial core removal technique using sulfur 

as sacrificial template. Sulfur nanoparticles as core were synthesized from HNO3 catalyzed 

reaction of sodium thiosulphate in CTAB media as mentioned in Chapter-3. After the 

completion of core formation, the suspension was sonicated by a probe type sonicator of 

capacity 260W for 20 min, and then finally core sulfur particles were coated with Au for 
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synthesis of S/Au core/shell nanoparticles or coated with successive double-shell Ag and Au 

for the synthesis of S/Ag/Au core/shell/shell nanoparticles by the reduction of corresponding 

metal salt precursors. For the synthesis of double-shell nanoparticles synthesis initially Ag 

precursor was added to core suspension and then after complete coating of Ag shell, finally 

Au precursor was added for external coating. Then after completion of reaction, the particles 

were separated by centrifugation at 25,000 rpm for 20 min, washed thrice by water ethanol 

mixture (1:1, v/v), and finally the collected washed particles were calcined at 450 °C for 30 

min in air to remove the sulfur core for the formation of hollow particles.  

 

6.2.3 Particle Characterization 

Particle size measurement was carried out by dynamic light scattering (DLS) using Malvern 

Zeta Size analyzer (Nano ZS), with the help of cumulant fitting model and intensity 

distribution within the media. The size and shape of the particles were observed by 

transmission electron microscope (Tecnai S-twin). Hollow particles were also characterized 

by UV–vis–NIR Spectroscopy (Shimadzu-3600), fluorescence spectroscopy (Hitachi-7000), 

and X-ray diffraction (XRD) (Philips, PW 1830 HT). 

 

6.1 Results and Discussion 

6.1.1 Synthesis of Au and Ag Nanoparticles in Aqueous SDBS and CATB Surfactants 

Media 

In this section pure Au and Ag nanoparticles were synthesized through the reduction of the 

corresponding metal salt by borohydride and optical properties were studied to compare with 

hollow nanoparticles, as well as to know the better reaction conditions. Initially pure Au 

nanoparticles were synthesized in CTAB (0.92 mM) and SDBS (1.2 mM) surfactant micellar 

media and the particles were characterized by UV-vis spectroscopy, DLS, and TEM. The size 

of Au nanoparticles synthesized in this study varies within a range of 10 to 40 nm by the 

change in concentration of Au precursor in SDBS media, and the absorption spectra of these 

particles are shown in Figure 6.1(a). The absorbance peaks shifted to longer wavelength (red 

shift) and the absorption band becomes narrow when reactant concentration increases, which 

indicate the particles size increases but at the same time the particles size distribution is 

become more wider (as shown in Figure 6.2) with increasing AuCl4
-
 concentration. The inset 

photograph (in Figure 6.1) shows the physical appearance of the individual suspensions. In 

the presence of very dilute AuCl4
-
 (0.0125 mM) solution the physical appearance of the 

suspension is almost transparent. While increasing concentration, initially the color of the 
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suspension becomes purple red but with further increasing AuCl4
-
 concentration the color 

changes to dark red, which is an indication of increasing particle size. The particles size of 

individual AuCl4
-
 concentration is mentioned in the inset figure (in Figure 6.1). In Figure 

6.1(a) the peak position at 0.05 mM AuCl4
-
 concentration is 509 nm whereas, this peak 

shifted to 525 nm at 0.25 mM AuCl4
-
 concentration. Figure 6.1(b) shows the absorbance 

spectra in the presence of CTAB. The Figure clearly shows similar to SDBS media 

absorption peak intensity increases with increasing precursor concentration, but in contrast, 

the peak position do not change significantly (520 nm to 525 nm) that is because of the less 

variation in particles size with increasing concentration. The physical appearance of the 

system shows the color change of the suspension is more prominent here, at low 

concentration (0. 05 mM) the color is purple and with increasing reactant concentration color 

changes to purple red and finally at high AuCl4
-
 concentration (0.625 mM) turn to ruby red 

color. Figure 6.3(a,b) shows the TEM image of Au nanoparticles in SDBS and CTAB 

micellar media respectively. The size of the particles is well match with the DLS data. Figure 

6.3(c) shows the EDX diagram of the Figure 6.3(a), the figure contains mainly peaks for the 

Au. 

 Silver nanoparticles were also synthesized in the presence of SDBS (1.2 mM) and CTAB 

(0.92 mM) and the Figure 6.4 (a,b) shows the absorbance spectra of Ag nanoparticles with 

increasing AgNO3 concentration. Similar to the Au suspension, with increasing AgNO3 

concentration the absorption peak positions are slightly shifted as well as peak intensity 

increases. In SDBS media (Figure 6.4a), for 0.025 mM AgNO3 concentration the peak 

position is at 435 nm, and that shifted at 406 nm wavelength for 0.125 mM AgNO3 

concentration, indicate blue shift of peak position. The color of the individual suspensions 

change from light yellow to dark yellow is shown in the inset figure and particles size is also 

mentioned on individual sample with increasing AgNO3concentration. As the particles size 

decreases with increasing AgNO3 concentration (the particle size was 6.1 nm at 0.125 mM 

AgNO3 concentration obtained from DLS analysis), the particle concentration increases due 

to increase in AgNO3 concentration, so that the color intensity increases. Whereas, Figure 

6.4(b) shows the absorbance spectra of Ag nanoparticles in the presence of CTAB micellar 

media with increasing AgNO3 and the trend is different from the SDBS media, the 

absorbance intensity increases with red shifting of peak position (408 to 425 nm) with 

increasing AgNO3 concentration because of increasing particle size (18.9 to 56.7 nm). The 

DLS analysis was also done to see the particle size distribution and it was observed with 

increasing concentration the particles size distribution also increases as shown in Figure 6.5. 
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The plasmon absorption is clearly visible in case of both particles and the bandwidth follow 

the predicted behavior. The changes in absorbance pattern and the increase bandwidth for Ag 

nanoparticles with decreasing particles size in SDBS media are mainly because of the 

intrinsic size effect of particles. But in case of larger size particles the plasmon bandwidth 

increases with increasing particles size because of the extrinsic size effects. Similar to the 

surface absorption pattern, the particles size distribution of Ag nanoparticles in SDBS media 

is different than the Au nanoparticles, with increasing reactant concentration the particles size 

decreases as well as size distribution is narrow (As shown in Figure 6.5). But in CTAB media 

(Figure 6.5) it is same as the Au nanoparticles in CTAB media (Figure 6.2), the particles size 

distribution is become wider in higher reactant concentration with increasing average 

particles size.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. Surface plasmon absorption of spherical Au nanoparticles with increasing AuCl4
-
 

concentration and the inset figure shows the physical appearance and particles size 
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(dimensions are in nm) of the individual micellar solution in (a) 1.2 mM SDBS: particles size 

varying between 10.3 to 40 nm and red-shift observed 509 to 525 nm and (b) 0.92 mM 

CTAB: particles size varying 31.9 to 41.6 nm and absorption peak with 520-525 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2. Particles size distribution at different AuCl4
-
 concentration in SDBS and CTAB 

micellar media. 
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Figure 6.3. TEM image of pure Au nanoparticles in (a) SDBS, (b) CTAB surfactant media, 

and (c) EDX analysis of Au nanoparticles. 

 

 Now to the discuss about the size variation of metal nanoparticles with increasing metal 

salt precursor in aqueous surfactant micellar media through reduction of corresponding metal 

salt by sodium borohydride is an example of precipitation reaction. The particle is formed 

through the nucleation process and then subsequently growth and agglomeration. As a result, 

the final particle size depends on the relative rate of the nucleation, growth, and 

agglomeration, but when a strong reducing agent is used for the reduction then the rate of 

nucleation is very fast so the particles size is directly depends on the rate of growth as well 

agglomeration. The rate of the growth depends on the reaction rate, if the reaction rate is slow 

either due to the slow addition of reactant or any other reason, then the growth rate increases 

because of the low nuclei density and ultimate particles size increases. But the rate of 

agglomeration again depends on the size and the collision among the nuclei or particles that 

directly related to the particles density and surface charge of the particles. Now in case of 

borohydride reduction of metal salt, as NaBH4 is a strong reducing agent, so the reduction 

rate is high. Therefore, after mixing the NaBH4 with the metal salt, the nuclei formation is 

instantaneous and ultimate particle size depends mostly on the growth and agglomeration of 

the particles. In case of CTAB and SDBS assisted media results of contrast behavior can be 

explained as follows. In SDBS media with increasing reactant concentration the rate of the 

reaction increases so the nuclei density increases and the zeta potential of the Au 

(a) (b) 

(c) 
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nanoparticles in SDBS media is comparatively low (Zeta potential of Au nanoparticles in 1.2 

mM SDBS media is -8.15 to -15.38 mV at different AuCl4
-
 concentration) so within the 

media the collision density between the particles increases which ultimately increase the 

particles size through the increase in the rate of growth and agglomeration of the Au particles. 

Whereas, in CTAB media the change in particles size is comparatively low (~32 to 42 nm) in 

varied concentration range (0.0125 to 0.625 mM AuCl4
-
) because of the slow reaction rate, as 

AuCl4
-
 form a yellow colored stable complex in the presence of CTAB,

26
 so the reaction rate 

is slow compare to the SDBS media. In the CTAB media there is a uniform size distribution 

in a wide range of concentration because of the higher zeta potential (Zeta potential of the Au 

nanoparticles ~ +40 to +50 mV in the experimental concentration range) which helps to 

reduce the agglomeration rate. Whereas, in case of Ag nanoparticles the change in trend is 

quite different in both media, in SDBS media the particles size decreases whereas, in CTAB 

media the size increases with increasing AgNO3 concentration. In case of SDBS media, the 

Ag nanoparticles show sufficiently high zeta potential value and the value of this potential 

increases with increasing concentration (e.g., -43.5 mV, -46.3 and -62.2 mV respectively at 

0.025 mM, 0.05 mM and 0.125 mM AgNO3 concentration), that may be the reason for lower 

particle size at higher AgNO3 concentration. Whereas, in CTAB media the particles size 

continue increases with increasing AgNO3 concentration that because of the more collision 

among the particles so that agglomeration is more as zeta potential is comparatively low (~ 

+30 mV to +40 mV throughout experimental concentration range). Figure 6.6 shows the 

TEM image of Ag nanoparticles with EDX diagram. The Figure 6.6(a) show low resolution 

image of Ag nanoparticles, the shape of the particles is almost spherical and size distribution 

is almost uniform. Figure 6.6(b) shows the high resolution image of the Ag nanoparticles, the 

particles size is well matched with the DLS results and Figure 6.6(c) shows the EDX analysis 

of the particles which confirm about the Ag materials. 
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Figure 6.4. Adsorption spectra of Ag nanoparticles with increasing AgNO3 concentration and 

the inset figure shows the physical appearance and particles size (dimensions are in nm) of 

the individual micellar solution in (a) 1.2 mM SDBS: particles size varying between 65.1 to 

6.1 nm and red-shift observed 435 to 406 nm and (b) 0.92 mM CTAB: particles size varying 

18.9 to 56.7 nm and absorption peak with 408 to 425 nm. . 
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Figure 6.5. Particles size distribution at different AgNO3 concentration in SDBS and CTAB 

micellar media. 
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Figure 6.6. TEM image of (a) pure Ag nanoparticles, (b) High resolution image of Ag 

particles, (c) EDX analysis of Ag nanoparticles. 

 

6.1.2 Optical Properties of Bi-metallic Nanoparticles in Aqueous Surfactant Media 

The optical properties of the Au nanoparticles can be tuned either by changing the particles 

shape and structure (such as, prism, cube, hollow) or by incorporating some other metal 

within Au through the formation of bimetallic core/shell or composite materials. So before 

synthesis the hollow nanoparticles, initially Au-Ag composite nanoparticle were synthesized 

to compare the optical properties with hollow nanoparticles. So, Au and Ag composite 

nanoparticles were synthesized from equimolar (0.1 mM each) addition of AuCl4
-
 and 

AgNO3 in CTAB and SDBS assisted micellar media and characterized by UV-vis 

spectroscopy, DLS, and TEM. The absorption spectra of these particles suspension are shown 

in Figure 6.7. In SDBS media absorbance peak at 507 nm is observed for characteristic of the 

Au, whereas, for Ag there is a wide band 380-390 nm is observed. But in CTAB media the 

peak for Au is shifted to 524 nm and a wide absorbance band between 435-440 nm is 

observed for Ag. Inset of Figure 6.7 shows the physical appearance of both suspensions. The 

pattern of the spectra is quite similar to the individual spectra of Au and Ag in respective 

media with slight shift in peak position. In SDBS media the blue shift is observed for both Au 

and Ag, because of the intrinsic size effect due to decrease in overall particles size. Whereas, 

in CTAB media the peak for Au is at same position to that of pure Au in CTAB but the red 

shift is observed for Ag, because of comparatively larger particle size than the SDBS media. 

(c) 

(b) (a) 



139 

 

The Figure 6.8(a) shows the TEM image of Au-Ag composite nanoparticles, the higher 

resolution image (Figure 6.8b) of same particles clearly shows cross lattice of the Au and Ag. 

Figure 6.8(c) shows the EDX spectra of composite nanoparticles which also confirm 

individual peaks for both Au and Ag. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.7. Absorbance spectra of Au-Ag nanocomposite in SDBS and CTAB surfactant 

media for 0.1 mM AuCl4
-
 and AgNO3 concentration individually. Inset figure is for the color 

and particles size in both media.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8. High-resolution image of Au-Ag composite nanoparticles in SDBS micellar 

media. 

(a) (b) 

(c) 
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6.1.3 Optical Properties of Hollow Au and Hollow Bi-metallic Ag/Au Nanoparticles 

Finally hollow Au and double-shell hollow Ag/Au bi-metallic nanoparticles were synthesized 

by sacrificial core removal technique using sulfur core to study the improvement in optical 

properties of these hollow particles. The bi-metallic double-shell (Ag/Au) hollow 

nanoparticles were synthesized by the successive addition of Ag followed by Au precursors 

in CTAB mediated sulfur suspension, first AgNO3 was added to the core suspension and 

stirred for 30 min to complete the coating of Ag, the Au precursor was added to the 

suspension for the formation of second shell on the Ag layer in the presence of excess 

NaBH4. After complete formation of core/shell (S/Au) and core/shell/shell (S/Ag/Au) 

nanoparticles the core sulfur was removed by the calcnation at 450 °C. The absorbance 

spectra of both single and double-shell hollow particles are shown in Figure 6.9. As mention 

in the previous chapters 4 and 5, the shell layer was formed through the deposition of small 

sized particles those are formed in bulk solution and the core was removed by the calcination 

to form the hollow nanoparticles. Therefore after the removal of core, the shell layer of the 

hollow particles shows porous type structure as observed in previous chapters. Therefore in 

the absorbance spectral pattern of hollow Au nanoparticles is not similar to the solid Au 

nanoparticles, the red shifting of peak position to 552 nm is observed and at the same time an 

extra peak is also observed at NIR region at 1143 nm, because of the presence of rough 

surface and porous shell structure in the Au layer, which in turn enhance the electromagnetic 

field (EM) which enhance the surface plasmon absorption. But the spectrum of hollow Ag/Au 

nanoparticles is quite different from that of hollow Au particles because of the presence of 

Ag as inner layer. The spectrum shows peaks for both Ag and Au respectively at 417 and 532 

nm which are in red-shift compare to pure solid Ag and Au particle respectively but compare 

to hollow Au nanoparticles a blue shift observed. But similar to hollow Au nanoparticles 

there is an extra peak at NIR region (1139 nm) also present for its rough surface and porous 

shell structure. The NIR peak is slightly shifted to lower wavelength than pure Au hollow 

particles (1143 nm). From the application point of view, noble metals are most useful in 

biomedical field for in vivo cellular imaging because of its biocompatibility and 

photoluminescence property at near NIR region, luminescence at NIR region is important 

because bloods, plasma or serum are inactive or do not interfere in this wavelength region. 

Therefore, the luminescence property of these hollow particles was studied and the 

photoluminescence spectra are shown in Figure 6.10. The figure shows both hollow particles 

emit light at the extended visible and near infrared regions at 665. 763, and 830 nm and the 

light emission intensity increases for hollow Ag/Au nanoparticles because of the presence of 
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Ag layer with in external Au shell. One of the major reason for the change in intensity and 

peak position of absorption as well emission lights depend on the nanoparticle composition, 

shape, size and surroundings. Now in case of hollow Au nanoparticles the layer thickness is 

around 12 nm and the shell layer is formed by the deposition of 5-7 nm size particles, but in 

case of hollow Ag/Au nanoparticles the individual shell thickness is near to 2 nm. Therefore 

both Au and Ag nanocrystals are highly active to absorbance as well as emission of light. 
27–

29
 Therefore in case of hollow Ag/Au nanoparticles the particles shows the cumulative effect 

of Au and Ag material therefore intensity of absorbance as well emission spectrum increases 

in presence of Ag inner layer. The TEM images of hollow Au nanoparticles are shown in 

Figure 6.11(a). The particles are almost spherical in shape and the individual shell thickness 

in both cases is 4-6 nm. Inset figure in Figure 6.11(a) shows the high resolution image of a 

single hollow Au nanoparticle and 6.11(b) high resolution image of a single hollow Ag/Au 

nanoparticle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9. Absorbance spectra of hollow Au and Ag/Au nanoparticles. Inset figure is for the 

color and particles size of hollow Au and hollow Ag/Au nanoparticles.  
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Figure 6.10. Photoluminescence spectra of hollow Au and Ag/au nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11. TEM image of hollow (a) Au and (b) Ag/Au nanoparticles. High resolution 

image of hollow Au inserted on (a). 
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6.1.4 Characterization of Particles by XRD 

Hollow Au, Ag and multi-shell bimetallic Ag/Au hollow particles are characterized by XRD 

and the Figure 6.12 shows the XRD pattern of these three particles. It is difficult to 

distinguish the Au and Ag particles by XRD as crystal parameter of Au and Ag are almos 

similar (0.2% mismatch between Au and Ag). The XRD pattern of hollow Au nanoparticles 

match with cubic Au structure (02-1095 from JCPDS PDF number) with d-spacing 0.2356 

nm whereas, the XRD pattern of Ag nanoparticles is matched with cubic Ag structure (01-

1167 from JCPDS PDF number) with d-spacing 0.2364 nm. In both cases the particles grows 

along the (111) and (200) lattice planes and (111) is the major plane, that is observed from 

the XRD pattern because of its low energy so that particles grows along this plane. The XRD 

pattern of hollow bimetallic multi-shell Ag/Au nanoparticles is almost similar to the Au and 

Ag nanoparticles. The XRD pattern is matched with cubical Au (02-1095 from JCPDS PDF 

number) and cubical Ag (03-0921 from JCPDS PDF number) with d-spacing 0.2354 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.12. XRD image of Au, Ag, Au-Ag bimetallic particles. 
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6.2 Conclusions 

Monodispersed Au, Ag nanoparticles were synthesized with tunable size and surface plasmon 

adsorption properties at varying wavelength in CTAB and SDBS micellar media. Au-Ag 

composite nanoparticles were also synthesized in SDBS and CTAB media, the particles size 

is SDBS media is comparatively lower than CTAB media at same concentration of reactants 

and the absorption spectra are mainly dominated by Au material and weak absoption band 

observed for Ag material. Hollow Au and hollow Ag/Au nanoparticles were synthesized by 

sacrificial core removal technique using sulfur as sacrificial template. The particles are 

monodispersed and the surface plasmon absorption band shifted to the higher wavelength. 

The photoluminescence property shows that both of these hollow nanoparticles emit light in 

extended visible and near NIR region after excitation at 550 nm. The shifting in light 

emission property of these particles may be useful for the in vivo application in biomedical 

field for cellular imaging, at the same time the intensity of the emitted light is more for the 

double-shell hollow Ag/Au nanoparticles than the hollow Au nanoparticles. 
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7.1 Introduction 

TiO2 has emerged as one of the most fascinating materials in recent years because of its wide 

ranges of amazing applications; as a result it has been extensively studied worldwide by 

many research groups. 
1–8

 In early 1970’s Fujishima and Honda 
9
 reported the generation of 

hydrogen and oxygen in a photoelectrochemical cell using a titanium dioxide electrode 

illuminated in near ultraviolet light, since then there has been an explosion of scientific 

interest and many of which depends not only on the material properties of the TiO2 itself but 

also modifications of the host TiO2 by doping with different inorganic 
2,6,10–12

 elements and 

organic 
13,14

 materials. Because of the development of these improved nanomaterials both 

technological and economic importance of photocatalysis has been increased considerably 

over the past decade. To enhance the catalytic performance, nanostructured TiO2 with various 

morphologies and textures, including nanotubes, nanorods, and porous spheres, has also been 

synthesized. Apart from the catalytic activity of TiO2 a variety of applications ranging from 

anti‐fogging, anti‐microbial, self‐cleaning surfaces, air purification, solar light induced 

hydrogen production, dye-sensitized solar cell (DSSC), anti‐stick or anti‐fingerprint coatings, 

soil repellency, and so on. The major applications of the doped TiO2 nanomaterials can be 

broadly divided into “energy” and “environmental” categories, which are major issues in 

most of the developing and developed countries. 

The nanostructure TiO2 is widely used as photocatalyst may be because of its high 

chemical stability, high oxidation ability, and inexpensive properties especially in anatase 

phase. In the photo catalysis process; light energy excites an electron from its valence band to 

the conduction band leaving a hole in the valence band, and this positively charged hole 

oxidize adsorbed organic species on TiO2 surface. In general, semiconductor materials those 

are having band gap more than 2 eV are used as a photocatalyst, as lower band gap materials 

are not very stable in the reaction environment. However, TiO2 is having higher band gap 

(rutile ~3.0 eV, anatase ~3.15 eV), so this material in general is suitable for photocatalysis in 

UV region (< 380 nm wavelength light) but not very suitable in visible or solar light. 

Therefore, to increase the photocatalytic efficiency in solar light either metallic (2
nd

 

Generation) or non-metallic (3
rd

 Generation) elements are doped into host TiO2 nanostructure 

to reduce the effective band gap. In spite of extensive efforts to dope TiO2 with C, N, S, and 

transition metal ions, photocatalytic activity in the visible light has remained quite low. So 

still now there are several issues and challenges to the researchers related to TiO2 based 

photocatalysis, more importantly green degradation using direct solar light and increase in 

surface area of the catalyst. It has been found that more studies are on doped solid 
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nanoparticles, however limited on metallic (Sn, Ba, Co, Al, Fe, Sn, Bi) 
15–20

 and non-metallic 

(C, N, F) 
21–23

 doped hollow TiO2 particles for environmental applications. 

In this chapter we report an easy novel route to synthesize non-metallic S doped hollow 

TiO2 nanoparticles using sacrificial core technique, where during the process of core removal 

shells are doped with S by replacing some of the oxygen in the TiO2 crystal structure. The 

newly formed hollow doped nanoparticles show much larger specific surface area (318.11 

m
2
/g) than that of solid nanoparticles (130.94 m

2
/g), on the other hand also show lower band 

gap (2.5 eV) compared to that of solid nanoparticles (3.15 eV). Finally the particles show 

extremely high phocatalytic ability and also re-usability. So the particles are extremely 

important for the environmental remediation applications. These particles may also be useful 

for photo anode material in the DSSC. To the best of our knowledge, similar green 

degradation studies using solar light have not been reported still now, which is major strength 

of this paper. 

 

7.2 Experimental Section 

7.2.1 Materials  

The required chemicals were taken from the following companies: Sodium thiosulphate 

(Na2S2O3, 5H2O) from Rankem, sodium dodecylbenzene sulphonate (SDBS) from Sigma 

Aldrich (technical grade, Cat No. 28995-7), Nitric acid (HNO3) from Merck, and Tetrabutyl 

orthotitanate (TBOT) from Sigma Aldrich. All chemicals were used as it is received without 

any further purification. Ultrapure water of 18.2 MΩ.cm resistivity and pH 6.4–6.5 was 

double distilled again and used for all the experiments. 

 

7.2.2 Particles Synthesis and Characterization  

The hollow particles were synthesized by well-known sacrificial core removal techniques by 

using sulfur as sacrificial core. After complete formation of core/shell particles, particles 

were separated by centrifugation at 25000 rpm for 20 min and washed thrice by water ethanol 

mixture (50:50 v/v). Finally, the collected washed solid materials were dried in a hot air oven 

at 55 °C for overnight and calcined at 500 °C for 30 min in the presence of air to remove the 

core. The hollow particles were characterized by different instrumental techniques. Particle 

size measurement was carried out by dynamic light scattering (DLS) using Malvern Zeta Size 

analyzer, U.K. (Nano ZS) with a help of cumulant fitting model and intensity distribution 

within the media. The size and shape of the particles were observed under a scanning electron 
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microscope (JEOL JSM-7600F) and transmission electron microscope (Tecnai S-twin). 

Core/shell and hollow particles were also characterized by UV-vis-NIR Spectroscopy 

(Shimadzu-3600), fluorescence spectroscopy (Hitachi-7000), TG-DSC (STA 409C, 

NETZSCH Technologies), BET (Quantachrome), XRD (Philips, PW 1830 HT), XPS (VG-

Microtech Multilab), HPLC (Jasco), TOC (Shimadzu) GC-MS (Perkin Elmer Clarus 600) 

and FTIR (Shimadzu).  

 

7.3 Results and Discussion 

7.3.1 Synthesis of Hollow TiO2 Particles  

Core sulfur nanoparticles were synthesized from HNO3 catalyzed reaction of sodium 

thiosulphate in the presence of 1.2 mM SDBS solution according to chapter 3.
24

 The core 

particles develop a uniform negative surface charge of -80.0 to -85.0 mV after adsorption of 

SDBS molecules on the sulfur nanoparticles surface through the tailgroup in the aqueous 

synthesis media. In the aqueous reaction media (pH ≈ 2.0), TiO2 particles show positive 

surface charge of +15 to +20 mV. After the completion of core formation, the solution was 

sonicated for 25 min at 260 watt and TEOS was added. Finally, because of the difference in 

surface potential S/TiO2 core/shell nanoparticles were formed by sol-gel reaction after drop 

wise addition of alcoholic TBOT to the SDBS stabilized suspension of core particles. The 

reactions for core and shell formation can be written as: 

(core)SSOH2NaNO2HNOOSNa 3233322 ↓++→+   7.1 

OHH4CTi(OH)O4H)HTi(OC 9442494 +→+   7.2 

O2H(shell)TiOTi(OH) 224 +↓→    7.3 

The S doped hollow TiO2 particles are formed after calcination of the dried S/TiO2 

core/shell particles at 500 °C; during the core removal process few sulfur atoms in vapor 

phase may replace the O atom in TiO2 particles and formed S doped hollow TiO2 

nanostructure.  

 

7.3.2 Characterization of Particles by UV-vis Spectroscopy  

During the particle formation process each step was confirmed in situ preliminarily by UV-

vis spectroscopy. The absorbance spectra of only core (S), shell (TiO2), core/shell (S/TiO2), 

mixture of core and shell (S+TiO2), and S doped hollow TiO2 particles are shown in Figure 

7.1. The spectra of single particles clearly show that S and TiO2 particles are having peak at 

233.6 (Abs. = 0.645) and 235 (Abs. = 1.141) nm wavelength respectively. The absorbance 
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values generally depend on the material property, concentration, as well as the size. The size 

of simple and coated particles determined by DLS were 185 ± 5.1, 103.2 ± 9.2, and 340 ± 5.3 

nm for S, TiO2, and S/TiO2 respectively. From the UV-Vis spectra it is observed that after the 

addition of TBOT the maximum absorbance peak wavelength shifted to a higher value. To 

confirm whether the TiO2 is really coat on the S particles surface or separate TiO2 particles 

are formed; two spectra S/TiO2 and S+TiO2 are compared. It is observed that the mixture 

(S+TiO2) shows absorbance (1.602) at wavelength 233.8 nm very close to that of core (S) 

particles. Whereas, the S/TiO2 particles show a sharp intense peak (1.864) at 234.5 nm 

wavelength which is very close to only TiO2 particles, may be because of the predominance 

of external coating of the TiO2 layer on the core surface. In contrast, the spectrum of hollow 

TiO2 particle is different from both pure TiO2 and S/TiO2 particles. The hollow TiO2 particles 

have a low intensity absorbance peak at 250 nm and beyond that the absorbance is low up to 

320 nm wavelength in the UV region, but the absorbance intensity is higher in the visible 

region compare to other particles probably because of nonmetallic sulfur doping in TiO2 shell 

during the removal of core at 500 °C. The UV absorbance spectrum was also used to evaluate 

the band gap of S doped hollow TiO2 nanoparticles by plotting [F(Rα) x hν]
1/2

 against hν, 

where hν is the energy of the incident photon and F(Rα) is the reflection in Kubelka–Munk 

function. The linear part of the curve was extrapolated to zero reflectance and the band gap 

energy was derived. The TiO2 is an indirect semiconductor material with band gap 3.03-3.18 

eV depending on phases.
25

 The band gap of S doped hollow TiO2 particles obtained here is 

significantly low (2.5 eV) compare to the standard TiO2 (Degussa P25) particles (3.2 eV) 

may be because of the doping of nonmetallic sulfur. During the core removal process at 500 

°C some of the oxygen within the TiO2 structure may be replaced by the sulfur atom, results 

are supported further and explained detail in the XPS section.  
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Figure 7.1. UV-Vis spectra of pure Sulfur, TiO2, S/TiO2, and S + TiO2, S doped hollow TiO2 

particles.  

 

7.3.3 Characterization of Particles by Fluorescence Spectroscopy  

Fluorescence spectroscopy is another characterization technique that gives the direct 

information about the band gap and quantum yield property of the material. Figure 7.2 shows 

fluorescence emission spectrum of S doped hollow TiO2 nanoparticles. The sample was 

excited at 295 nm wavelength and measured the emission spectra of the material. The 

synthesized hollow particles shows a distrinct sharp peak at 593.6 nm wavelength with an 

impressive full width at half-maximum (FWHM) as small as 9.1 nm, which could be 

attributed to the narrow size distribution of the particles. The band gap of the S doped hollow 

TiO2 was calculated from the emission spectra and found to be 2.09 eV, the obtained value is 

in good agreement with the value of 2.20 eV obtained by UV-Vis spectroscopy technique. 

The quantum yield (QY) was calculated for these particles by using phenol as a standard 

material (QY = 0.14 ± 0.01).
26

 The fitting equation of integrated intensity vs. absorbance and 

the quantum yield of standard phenol, and S doped hollow TiO2 particles are shown in Table 

7.1. 
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Figure 7.2. Fluorescence emission spectra of pure TiO2, S/TiO2 core/shell and S doped 

hollow TiO2 particles.  

 

Table 7.1. The fitting equation and R
2
 value of integrated intensity vs. absorbance line for 

phenol and S doped hollow TiO2 particles form fluorescence spectrum. 

 

 

 

 

 

7.3.4 Characterization of Particles by TG/DSC  

Figure 7.3 shows the TG/DSC curves for the S core and TiO2 coated particles in air. During 

the heating of pure core particles ~ 8.5 % weight loss occurs at the temperature range of 50–

200 °C with a negative endothermic DSC peak at 120.6 °C, which may be attributed to the 

removal of bound and unbound moistures from the particles. However the main weight loss 

of 91% occurs at a temperature range of 260-390 °C with a sharp exothermic DSC peak at 

379 °C attributed to burning of the S core. In case of core/shell nanoparticles ~9% water 

weight loss was found in the temperature range of 50-140 °C. Subsequently other two weight 

losses of ~ 10% and 22% near the temperature ranges 160–325 °C and 375–470 °C with their 

corresponding exothermic DSC peaks attributed to the thermal degradations of adsorbed 

surfactant molecules and the sulfur templates, respectively. Additionally, in 475-540 °C 

temperature range the change is attributed to the decomposition of unhydrolyzed butyltitanate 

Material Equation R
2
 QY 

Phenol y = 111.90x – 310.90 0.939 0.14 
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(Ti-OC4H9) groups. When the temperature is above 550 °C, the weight of the sample is 

almost stable, indicates complete removal of the core. While comparing the TG plots of pure 

S and S/TiO2 particles it can be observed that the ignition temperature of sulfur shifted to 45 

°C higher temperature because of the TiO2 coating on the core surface. These results once 

again support the formation of core/shell particles. 
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Figure 7.3. TG/DSC curve of the core (S) and core/shell (S/TiO2) particle during heat 

treatment under constant air flow. 

 

7.3.5 Characterization of Particles by SEM and TEM  

The FESEM image of hollow TiO2 particles are presented in Figure 7.4, it can be seen from 

the image that the particles are almost spherical in shape. The image also depicts the particle 

surfaces are not very smooth, mostly the shell layer was formed by deposition of very small 

sized (~5-10 nm) nanoparticles on the core surface. The TEM images of S/TiO2 and hollow 

TiO2 particles are presented in the parts (a) and (b) of Figure 7.5, respectively. Figure 7.5 (a) 

confirms the complete coating of core by the shell material from the contrast difference 

between the core and shell and the inset figure is the high resolution magnified distinct image 

of a single core/shell particle. Similarly parts (b) and (c) of Figure 7.5 and Figure 7.6 show 

the high resolution image of S doped hollow TiO2 particles. The size of the particles and the 

shell thickness randomly measured from the TEM images is also a good agreement with the 

DLS data. Figure 7.5(d) shows the high magnified image of some part of the hollow TiO2 

shell and the figure clearly shows the shell is formed by 5-10 nm sized small TiO2 particles 

and because of that the shell is highly porous which is also observed by FESEM. 
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Figure 7.4. FESEM image of hollow TiO2 particles for 25 mM thiosulphate and 1 mM TBOT 

concentration. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5. TEM images of (a) S/TiO2 core/shell nanoparticles and inset figure show the 

higher magnified single particle, (b,c) high resolution image of different single hollow TiO2 

particles, (d) high resolution image of the shell layer of hollow TiO2 particles (10 nm bar). 
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Figure 7.6. TEM image of hollow TiO2 particles synthesized at 0.01 mM TBOT 

concentration in 1.2 mM SDBS media. The average size of the particles are 80 nm confirmed 

by DLS analysis.  

 

7.3.6 Characterization of Particles by XPS and FT-IR 

Indirect support of sulfur doping on TiO2 was shown before by the UV-Vis spectroscopic 

study, but XPS is a very sensitive and reliable technique to probe the presence of a trace 

amount of doped material within a host matrix. The XPS results can support the information 

about the chemical state and core electronic configuration of the materials. The XPS 

spectrum of hollow particles is shown in Figure 7.7(a), which demonstrates the presence of 

2/12 pS , sC1 , 
2/32 pTi , 

2/12 pTi , and sO1  electrons in the sample corresponding to their binding 

energies 164.4, 286.0, 459.6, 465.7 and 533.4 eV respectively. The high resolution peaks of 

the corresponding elements are also shown in the Figure 7.7 (b). The binding energy of S in S 

doped hollow particles is 3.6 eV lower (164.4 eV) than that in the SO2 (168 eV) and 4.4 eV 

higher than that in the TiS2 (160 eV). Similarly peaks for the Ti (
2/32 pTi = 453.8 eV, 

2/12 pTi = 

460.2 eV) and O ( sO1 = 543.1 eV) are also shifted from the standard binding energy. The XPS 

results indicate after doping, S may form S-Ti-O bond in the doped material, The shifting in 

binding energy is because of partial flow of electrons towards less electronegative S atom to 

more electronegative O atom, as a result S becomes electron deficient and O is electron 

enriched. In the doping process, some of the O atoms in the elongated octahedral TiO2 
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structure are replaced by the S atoms because of the close ionic radii of both ions S
2-

 (0.18 

nm) and O
2-

 (0.14 nm). As the electro negativity of the S is less compare to the O, so the 

energy level of the molecular orbital of sulfur is higher compare to O. Therefore, according to 

the Molecular orbital theory (MOT) the effective band gap for the doped particles (the energy 

difference between ΠpOS,  to *

2
3 Π

gtd
Ti ) is also decreases than the pure TiO2 particles (the 

energy difference between ΠpO2  to *

2
3 Π

gtd
Ti ). The XPS spectrum also shows a distinct peak 

for C, as the material was calcined at 500 °C so the C peak is because of the carbon tape used 

to stick the sample holder with in the instrument or from any other adventitious source.
4,27,28

 

Furthermore, it is noteworthy to mentioned that characterization by FT-IR shows two 

identical peaks at 1038, 1130 cm
-1

 (Figure 7.8) are correspond to direct attachment of S to the 

central Ti atom also strengthen additional evidence of S doping.
29
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Figure 7.7. (a) XPS patterns of the S doped TiO2 nanoparticle sample, (b) High resolution 

peaks for sulfur (S), carbon (C), titanium (Ti) and oxygen (O).  

455 460 465 470

Relative Intensity (Ti)

525 530 535 540

Ti 2p
1/2

O 1s

Binding Energy (eV)
280 282 284 286 288 290 292

Ti 2p
3/2C 1s

160 162 164 166 168 170

S 2p
1/2

(b) 

(a) 



157 

 

 

 

 

 

 

 

 

 

 

Figure 7.8. FT-IR spectrum of S doped hollow TiO2 particles. 

 

7.3.7 Characterization of Particles by XRD  

The XRD analysis of S, S/TiO2, and hollow TiO2 are shown in Figure 7.9. The positions and 

intensities of the diffraction peaks of core sulfur particles is in good agreement with the 

literature values for orthorhombic or α-phase sulfur with S8 structure (83-2285 from JCPDS 

PDF Number). The XRD pattern of S/TiO2 shows the identical peak for sulfur particles is 

minimized and the pattern is mainly dominated by the peak of anatase TiO2 (71-1169 from 

JCPDS PDF Number) at 25.20°
 
(2θ), good agreement with the literature. A broad and low 

intensity peak of S/TiO2 indicates particles are more amorphous in nature, as the shell 

material is formed by the deposition of very small sized nanoparticles which was also 

confirmed before by FESEM and TEM studies. After calcination of the core/shell particles, 

the peak intensity of anatase TiO2 (71-1168 from JCPDS PDF Number) increases 

dramatically may because of increase in crystallinity of the structure and also there is an extra 

peak for rutile phase TiO2 (78-1510 from JCPDS PDF Number) that may be converted from 

anatase phase during the heat treatment for core removal. 
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Figure 7.9. XRD pattern of core (S), core/shell (S/TiO2), and hollow TiO2 particles [*: 

Orthogonal sulfur, #: Anatase TiO2, ^: Rutile TiO2]. 

 

7.3.8 Characterization of Particles by BET Analysis 

The specific surface area of the solid TiO2 and S doped hollow TiO2 nanoparticles was 

measured by BET technique (Quantachrome, USA) using liquid nitrogen (-195.8 °C) using. 

Before adsorption and desorption study, the sample was degasified at constant 150 °C 

temperature for 1 hr. The Figure 7.10 shows the adsorption and desorption isotherm of N2 gas 

by the solid and S doped hollow TiO2 nanoparticles. The high adsorption at low relative 

pressure values < 0.5 shows the presence of micro and meso porosity in the S doped hollow 

TiO2 nanoparticle and it is also confined by the high value of BET surface area 318.11 m
2
/g 

and pore width 2.75 - 3.35 nm. As the shell layer is formed by the deposition of the small 

sized particles the pore width distribution is not uniform. The isotherm presents a hysteresis 

loop that is associated with the presence of mesoporosity. Whereas in case of solid TiO2 

nanoparticles the surface area is comparatively low (130.94 m
2
/g) and the pore diameter is 

4.75 nm. In case both particles the isotherm is rise rapidly near to relative pressure equal to 

one. BET surface area plot for solid TiO2 and S doped hollow TiO2 nanoparticles is shown in 

Figure 7.11 for low relative pressure (P/PO<0.3). 
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Figure 7.10. BET adsorption and desorption isotherms of S doped hollow TiO2 and solid 

TiO2 nanoparticles at a constant temperature -195.8 °C by BET apparatus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.11. BET plot of S doped hollow TiO2 nanoparticles. 

 

7.4 Conclusions 

A novel template base sacrificial core technique has been established for the synthesis of S 

doped hollow TiO2 nanoparticles and subsequently the photo catalytic ability of this catalyst 

under solar light to degrade methylene blue was studied. The surface area of the synthesized 
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hollow doped nanoparticles is comparatively higher (318.11 m
2
/g) than the solid TiO2 

particles (130.94 m
2
/g) because of hollow and porous structure. Sulfur doping on TiO2 

decreases the band gap from 3.2 to 2.5 eV makes the material more suitable as photocatalyst 

under solar light. The XPS analysis of hollow particles confirm about sulfur doping.  
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8.1 Introduction 

In the modern time with advancement in science and technology, the applications of the 

nanoparticles are continuously increases because of the better properties of the materials in 

nano dimensions. At the beginning of the nanoscience the study is mainly concentrated on the 

way of the synthesis of nanoparticles by different routes. But later with application of the 

synthesized nanoparticles are become important concern. Although at the beginning the 

nanoparticles are mainly used either in heat transfer as a nanofluids because of higher heat 

capacity value than any common base fluids 
1,2

 or in electronics in integrated circuit 
3,4

. But 

in the recent year in modernization of synthesis and characterization techniques more 

complex structural nanoparticles are formed with different shapes and dual properties. So the 

applications of these nanoparticles are continuously increases in different modern application 

fields especially in biomedical and modern electronics. 
5
 

The overall objective of this chapter is the application of some nanoparticles in different 

fields. The sulfur and TiO2 nanoaprticles as synthesized in chapter 3 and 7 are used for the 

improvement in wetting properties of the hydrophobic and hydrophilic surfaces. The study 

can be seen from the literature that until now most of the studies on wetting properties of 

nanofluids are theoretical based and only limited experimental studies are available.
6,7

 The 

available experimental studies are mostly in the presence of capping agents or functionalized 

with some molecules. In this chapter the wetting behavior of nanofluids containing 

hydrophobic (sulfur) and hydrophilic (TiO2) particles in the absence of any capping agents on 

both hydrophobic (PTFE) and hydrophilic (Glass) surfaces was studied. The sulfur and TiO2 

nanoparticles were synthesized in situ in aqueous media without any dispersing agent from 

sodium thiosulfate and tetrabutyl ortho titanate (TBOT) as mention according to the chemical 

reaction in chapter 3 and 7. Different parameters on wettability and surface tension such as 

the effect of particle size, particle concentration, and material property were studied which 

may have lots of practical importance as well as academic interest. Other than the wetting 

properties the application of hollow doped TiO2 nanoparticles as synthesized in chapter 7 was 

studied in photodegradtaion of synthetic methylene blue dyes under solar light.  

 

8.2 Experimental Section 

8.2.1 Particles Synthesis and Characterization 

Sulfur particles were synthesized according to chapter 3 by the disproportionation reaction of 

sodium thiosulphate in acid media whereas TiO2 particles were formed by sol-gel reaction 

from TBOT according to chapter 7 to study the wetting behavior of solid surfaces. Whereas, 
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S doped TiO2 particles were synthesized by the sacrificial core removal technique according 

to chapter 7 for the photodegradation study. The particles were characterized by DLS, SEM, 

TEM, TGA, XPS and XRD. 

 

8.2.2 Surface Tension and Contact Angle Measurements 

After the particle formation each suspension was diluted to desire concentration with water. 

The suspension was sonicated for 10 min in a water bath sonicator and then surface tension 

and contact angle were measured immediately by using surface tensiometer, (Data Physics, 

DCAT-11EC) and video based contact angle meter (Data Physics, OCA-20) respectively. 

The surface tension was measured by the Wilhelmy plate technique. The contact angle was 

measured by the sessile drop technique with 4µl drop volume. Before each measurement both 

platinum plate and solid surfaces (glass and PTFE) were dipped in an ultrasonic cleaning bath 

for 15 min then washed thoroughly using water and acetone and finally dried blowing hot air. 

To get better repeatability quality of solid surfaces were also cheeked in terms of contact 

angle by pure water time to time and if required plates were changed after few measurements. 

 

8.2.3 Measurement of Photo-catalytic Activity  

The photocatalytic activities of the solid and hollow TiO2 spheres for the degradation of 

methylene blue (MB) in aqueous solutions were measured under irradiation of solar light. All 

the experiments were performed during 25
th

 December, 2011 to 15
th

 January, 2012 (sunny 

days), from 9:30 AM to 3:00 PM, when average solar intensity was 0.25 kW/m
2
 with 

minimum fluctuation. The reaction suspension was prepared by adding samples of solid TiO2 

and S doped hollow TiO2 particles with concentration (0.5 g/l) into an MB (20 mg/l) solution 

under stirring. The concentration of MB was measured using UV-Vis spectroscopy 

(Shimadzu-3600) at 660 nm wavelength. For comparison, the effectiveness of the 

photocatalytic activity of particles, the degradation of MB was also measured in the dark 

under the same experimental conditions as a reference. The degradation of MB solutions in 

sunlight was also studied without any catalysts under same reaction conditions at 

environmental temperature ~ 25 °C. 

 

8.3 Results and Discussion 

8.3.1 Wetting of Solid Surface by Nanofluids 

Nanofluids are suspensions (colloidal state) of nanomaterials in a base liquid. Nanofluids are 

drawn attention of researchers initially because of their enhanced thermophysical properties 
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(thermal conductivity, thermal diffusivity). In addition to their thermal applications,
1,2

 the 

nanofluids have also potential applications in biomedical (magnetic or ferrofluids in drug 

delivery, MRI contrast), magneto-optical wavelength filter, optical modulators, nonlinear 

optical materials, ink jet printing, soil remediation, oily soil removal, lubrication and 

enhanced oil recovery and so on.
8,9

 During the past few years the researchers’ attention as 

well as the publications on nanofluids increasing exponentially because of these exciting 

applications. Similarly, the wetting of solid surfaces by liquids is also of immense interest 

towards a broad research community from the past few decades surely because of the 

practical, and scientific importance.
10–12

 The wetting of solid surfaces mainly depends on the 

movement of the triple line, where the three phases are in mutual contact; which in turn 

depends on physical properties of solid (homogeneity, roughness, surface energy) and liquid 

(surface tension, polarity, viscosity). There are numerous studies available on wetting 

behavior of surfactant solutions on solid surfaces,
11–14

 however limited on nanofluids.
6,15,16

 

Liquid surface tension plays an important role in the wetting process; in general lower 

surface tension liquid favors the wetting of low surface energy or hydrophobic surfaces. 

Similar to surfactants, addition of nanoparticles also can reduce surface tension as well as 

influenced the movement of the triple line because of strong attachment of the particles at 

fluid-fluid interface, whether the particles are hydrophobic or hydrophilic.
7,17

 The literature 

available on wetting of nanofluids can be broadly classified into three categories: (i) bubble 

growth or dynamics on solid surface inside the liquid,
18,19

 (ii) removal of oil droplets from a 

solid surface,
20

 (iii) wetting of solid surface.
6,16,21,22

 Vafaei and Wen
18,19,23

 reported the extent 

of surface wettability of a solid–liquid–gas system which is dependent on the material 

property, size and concentration of the particles. More specifically, a unique pinning behavior 

of the triple line was observed when bubbles formed on a metal surface inside the gold 

nanofluids compared to that of pure water, whereas a spreading of triple line was observed 

for bubbles forming inside alumina nanofluids for a constant bubble volume. The nanofluids 

containing alumina, zirconia, and silica have shown a significant enhancement in critical heat 

flux (CHF) because of improvement in the wettability of the fluid on the solid surface.
24,25

 

The pool boiling characteristic of nanofluids as a heat transfer fluid highly dependent on both 

particle concentration and fluid/surface wetting characteristics.
19

 The removal of oil drops 

from the solid surface by nanofluids is another important application. Where the 

nanoparticles are deposited near the triple line and generate an excess structural disjoining 

pressure which favors removal of oil droplets from the surface. Most of the studies in this 

field are theoretical based but some experimental papers are also available by different 
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research groups.
15,20,26

 Wasan and coworkers are the pioneer in this field,
15,20,26–29

 however 

gradually some other research groups have also started working in this area.
6,15,16,30

 Finally, 

the studies on wettability of solid flat surfaces by nanofluids are also limited.
6,16,21,31

 Vafaei et 

al.
6,16

 studied the wetting of the solid surface by the nanofluids which containing Bi2Te3 

particles on different hydrophilic surfaces (glass and silicon wafer) and their results shows 

the contact angle depends on both particles size and concentration. They used 2.5 to 10.4 nm 

particles functionalized with thioglycolic acid and studied the contact angle and surface 

tension of the suspensions. According to their results, the contact angle initially increases 

with increasing particles concentration and attain a maximum for both surfaces then again it 

decreases for a particular particles size but considering the particles size low size particles is 

more effective to increase the contact angle. Herein, in the present study reports the wetting 

behavior of nanofluids containing hydrophobic (sulfur) and hydrophilic (TiO2) particles as 

synthesized in chapter 3 and 7 in absence of any capping agents on both hydrophobic (PTFE) 

and hydrophilic (Glass) surfaces and the results are shown in below.  

 

8.3.1.1 Characterization of Glass and PTFE Surfaces 

The solid surfaces were characterized by atomic force microscopy to see the surface 

irregularity or roughness and the results are shown in Figure 8.1. Figure 8.1(a) shows the 

surface topography of the glass plate used for this study. The surface roughness of the glass 

plate was calculated from the AFM images using SpmLab analysis software and it was found 

to be 1.02 nm. The Figure 8.1(a) also shows the height profile along the z-axis through the 

lines and the position of the lines are shown in the insert figure. Similarly, Figure 8.1(b) 

shows the surface irregularity of the PTFE sheet which was used for the study. It has been 

found that the roughness was comparatively more for PTFE sheet (22.7 nm) than the glass 

surface. Figure 8.1(b) also shows the height profile along the line and the position of the lines 

are shown in the insert figure. 
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Figure 8.1. AFM generated the image of surface topography of (a) glass and (b) PTFE 

surfaces obtained from backward height mode and height profile along z-axis through three 

different selected lines on the surfaces. Positions of the lines are shown in inserted figure. 

 

8.3.1.2 Surface Tension of Nanofluids 

The interfacial property of aqueous nanofluids containing both particles in terms of surface 

tension was studied. The effect of particle size on the surface tension at a particular particle 

concentration (0.8 mg/l for TiO2, 0.32 and 16 mg/l for sulfur) is shown in Figure 8.2(a). From 

the figure it is clear that in the presence of both particles surface tension decreases 

significantly compare to pure water. To test the interference of reaction mixture present in the 

particle suspension, surface tension of supernatant solutions after separating the particles 

were measured and found it was very close to pure water for both cases. The surface tension 

of sulfur nanofluids gradually decreases with the increasing particle size for 16 mg/l (≡ 0.5 

(a) 

(b) 
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mM) sulfur concentration, and finally decreases to a value 50.3 mN/m in the presence of 600 

nm particles. In contrast, in the presence 0.32 mg/l (≡ 0.01 mM) sulfur particle concentration 

the trend in surface tension change is different, it attains a minimum surface tension value of 

53.4 mN/m in the presence of small sized particles (158 nm) and then gradually increases 

with the increasing particle size. Similar behavior was also observed in case of TiO2 

nanofluids; for ~136 nm particles the surface tension decreases sharply to 47.1 mN/m; then 

gradually increases to 57.3 mN/m in the presence of ~400 nm particles at a constant TiO2 

concentration of 0.8 mg/l (0.01 mM). These facts can be qualitatively explained as follows, 

the small sized nanoparticles have more Brownian motion and negligible gravitational force 

in suspension; as a result they are having mobility towards both air-water interface as well as 

bulk phase. However, for larger particles gravitational force gradually increases and mobility 

towards the interface decreases. The presence of particles at the air-water interface influence 

the cohesive force of water molecules at the interface and subsequently reduce the surface 

tension of nanofluids; the effect is similar in the presence of both hydrophobic and 

hydrophilic particles at the interface. Since the number density of the bigger sized particles to 

be present at the interface are less they behave comparatively hydrophilic (higher surface 

tension) than the small sized particles of same material
32

 and gravitation force also favors the 

larger particles to stay inside the bulk media; therefore, in the presence of TiO2 (0.8 mg/l) and 

sulfur particles with low concentration (0.32 mg/l) surface tension initially decreases sharply 

then increases gradually with the increasing particle size. In the presence of higher particle 

concentration (16 mg/l for sulfur) the increasing trend of surface tension was not observed 

with increasing particles size. This is attributed as the wide distribution of the particles at 

higher average particle size; while distribution is wide and concentration is also high, 

sufficient number of small sized particle would present at the interface to reduce surface 

tension. When the particles come to the interface, depending on material property and density 

they may be classified into two categories: (i) immersion (partially immersed into the liquid 

layer), (ii) flotation (floating at the interface). For both cases particles at the interface will 

experience an attractive capillary force.
33

 The Fflotation (capillary force for flotation) is 

negligible when the particle size is smaller than a critical size (rp < 5-10 µm); however, 

Fimmersion (capillary force for immersion) is significant for even the very small sized particles 

(rp = 2 nm).
34

 In the case of immersion force the deformation of the liquid surface is related 

to the wetting property of the particle surface. The relationship between the particle radius, 
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surface tension, inter-particle separation distance, and the force of attraction can be 

represented as, 

 Fflotation = (rp
6
/γ) K1 (ql)       8.1 

 Fimmersion = (γrp
2
) K1 (ql)       8.2 

Where γ is the surface tension of the liquid, l is distance between two particles, q
-1

 is the 

characteristic length or the range of the capillary force and K1 is the modified Bessel’s 

function. Since the particle size used in this study is far below 5 µm, it is fair to assume that 

the immersion force is applicable to describe the attractive force between the particles. At the 

interface when the particles come to the close distance because of the capillary force, then 

additionally the van der Waals force helps to bring the hydrophobic particles to closer 

distance. However, for the hydrophilic TiO2 particles the situation is little different, there 

would be a balance between the electrical repulsive force and capillary attractive force. When 

the particles move to the interface, in general, adsorption of the particles at air-water interface 

is spontaneous as it is energetically favorable.
17,35

 In this situation, the total free energy 

change of the system can be defined as,  

∆G = ∆H - T∆S        8.3 

Where, H, T, and S are enthalpy, absolute temperature, and entropy respectively. The free 

energy of the system is more negative after the adsorption of particles at the interface because 

of the entropy gain of the system. When the particles are accumulating at the interface from 

bulk, apparently the entropy of particles decreases because of the orderness at the interface. 

However, on the other hand, more free space is available inside the bulk phase for the small 

solvent molecules to move more after the movement of particles, as a result, overall entropy 

of the system increases. Finally, the absolute value of surface tension of nano-suspensions is 

also depends on the material property.  

 The effect of particle concentration on the surface tension in the presence of 860 nm 

sulfur and 240 nm TiO2 particles are shown in Figure 8.2(b). In the presence of 860 nm sulfur 

particles the surface tension continuously decreases with the increasing concentration of 

particles, as the adsorption of particles at the interface also increases. Since sulfur particles 

are hydrophobic, with the increasing particle concentration more numbers of particles 

accumulate at the air-water interface and when particle-particle distance of separation is less 

they are stabilized because of van der Waals attractive force between particles. While 

increasing number of hydrophobic particles at the interface, surface energy of the interface 

decreases, which in turn helps to decrease surface tension of nanofluids. However, in case of 
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TiO2 particles the behavior is different, the surface tension increases initially until a particular 

concentration and beyond that it decreases. This type of irregular behavior of nanofluids 

using hydrophilic particles was also reported before,
7,17,36

 but until now there is no 

satisfactory explanation is available in the literature. When the hydrophilic particles come to 

the interface there will be particle-particle electrostatic repulsive force and van der Waals 

attractive force between particles. In the presence of higher particle concentration, more 

particles accumulate at the interface; as a result van der Waals attractive force also becomes 

significant with respect to repulsive force. Increasing numbers of hydrophilic particles at the 

interface increase the interfacial energy as well as surface tension. Further increase in particle 

concentration again there is a sharp decrease in surface tension; this change can be attributed 

as follows. In the presence of high particle concentration there will be gradual increase in 

particle concentration at the air-water interface, in that situation, as the particles-particles 

distance of separation decreases van der waals and capillary attractive forces between 

particles become more significant. When these two combined attractive force overcome the 

electrical repulsive force particles will try to agglomerate at the interface and gravitational 

force pulls these combined particles towards the bulk phase from the interface. This process 

in fact decreases the particle concentration at the interface which also leads to lowering of 

surface tension and finally equivalent to a lower surface tension value which was observed at 

very low concentration. This critical particle concentration of surface tension lowering may 

depends on particle size, surface charge, and particle density. Similar irregular behavior was 

also found for the contact angle studies (as in Figure 8.6(b)). 
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Figure 8.2. Effect of (a) particles size of the sulfur and TiO2 nanofluids at different particle 

concentration, (b) particles concentration on surface tension in the presence of 860 nm sulfur 

and 240 nm TiO2 particles. 

 

8.3.1.3 Wetting of PTFE and Glass Surfaces by Sulfur Nanofluids 

Wettability of the flat solid surfaces by pure liquids or surfactant solutions is a complex 

phenomena; depends on several factors such as energies of solid and liquid, surface 

roughness, homogeneity and so on. On the other hand, the wettability by nanofluids is more 

complex process because of the presence of particles, where the well established theories of 

wetting by pure liquids or solutions are insufficient to explain the observations.
20,37

 In case of 

wettability by nanofluids several additional factors such as particles size, concentration at the 

triple line, particles-solid, particles-fluid, particles-particles interactions are also equally 

important in addition to the common factors for pure liquids or solutions. During the contact 
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angle measurements the optical images of nanofluids droplet containing 860 nm sulfur 

particles with 16 mg/l particles concentration on PTFE and glass surfaces are shown in Figure 

8.3(a, b). The dimension of diameter and height of the droplet are in given in mm and the 

variation of contact angle on PTFE and glass surfaces using sulfur nanofluids with increasing 

particle size and concentration are shown in (a) and (b) parts of Figure 8.4 respectively. 

Figure 8.4(a) shows the effect of particle size on contact angle at a fixed 16 mg/l particles 

concentration. For the PTFE surface, in the absence of particles the contact angle is ~116°, 

but in the presence of ~158 nm particles it decreases to 110.3° and then further increases with 

particle size the contact angle continuously decreases at slow rate and attains a plateau value 

of ~ 108° in the presence of 600 nm particles. The gradual decreases in contact angle values 

are consistent with the surface tension results presented before. Whereas, for the glass 

surface, initially the contact angle increases sharply to 74.1° in the presence of 158 nm 

particles from 47.6° (pure water) and then slowly reaches to a nearly plateau level value of 

77.4° in the presence of 600 nm sized particles, however there is a slight decrease to 75.3° in 

the presence of 860 nm particles. On the other hand, Figure 8.4(b) shows the effect of particle 

concentration in the presence of 860 nm sulfur particles. It is observed from the figure that 

the change in contact angle is very sharp at low particle concentration for both surfaces, and 

then the rate of change becomes slow with the increasing particle concentration. On the PTFE 

surface the contact angle decreases to 108.6° at 16 mg/l particle concentration, further 

increase in particle concentration contact angle attain a minimum of 107.2° at 80.2 mg/l (≡ 

2.5 mM) concentration then it further increases to 110.3° at 160.3 mg/l (≡ 5 mM) particle 

concentration. Whereas, on the glass surface the contact angle sharply increases to 75.3° at 

the 16 mg/l then gradually decreases to 65.9° at 160.3 mg/l concentration.  
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Figure 8.3. Optical image of nanofluids droplet containing 860 nm sulfur particles at 16 mg/l 

particles concentration on (a) PTFE and (b) glass surfaces, droplet image of TiO2 nanofluid 

on (c) PTFE and (d) glass surfaces in the presence of 381.5 nm particles at 0.8 mg/l 

concentration [The dimension of diameter and height of the droplet are all in mm]. 

 

 It has been already mentioned before that the wettability or contact angle depends on 

several parameters and the phenomenon is very much sensitive to all those parameters. In 

case of nanofluids few parameters such as surface tension, adhesion tension between solid 

and liquid, surface roughness, and disjoining pressure are more important. Influence of these 

parameters will be discussed one after another. We strongly believe all these parameters are 

responsible simultaneously in the wetting process, however it is difficult to identify which 

parameter is predominant in this study. In case of the PTFE surface, the contact angle 

decreases from the pure water with increasing particle size and concentration because of the 

presence of particles at the three phase contact line. When the sessile drop is placed on the 

solid surface the particles form a thin layer on the solid surface because of gravitational force 

and van der Waals interaction between the hydrophobic sulfur particles and the PTFE 

surface. If the particles are assumed to be spherical van der Waals interaction can be 

expressed as 

 
26D

Ar
Wv −=          8.4 

where A, r, and D are Hamaker constant, radius of spherical particles, distance of separation 

respectively. So the interaction energy is proportional to the particle radius, as the particle 

size increases interaction between particle and surface also increases and the presence of 
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particles will eventually change the disjoining pressure at the three phase contact line with 

respect to the pure water. The disjoining pressure is the difference between the normal 

external pressure on the film, and the pressure in the volume of liquid from which the film 

was formed. This is particularly applicable for a thin film of liquids, especially in this case at 

the wedge film of a drop. The disjoining pressure may be positive or negative; a negative 

disjoining pressure indicates thinning of liquid film and spontaneous wetting. The disjoining 

pressure of a thin liquid film (h) can be expressed as the sum of the three components 

(electrical (e), molecular (m), and structural (s)) 

 ∏h = ∏e + ∏m + ∏s        8.5 

London-van der Waals molecular interaction is responsible for molecular disjoining pressure 

(∏m), ∏e responsible for the electrical forces, and ∏s represents the long range structural 

forces arising from the ordering of the nanofluid’s particles in the wedge film. In the present 

study, since the particles are mainly responsible, ∏s is important and this structural disjoining 

pressure can be further expressed as
15

 

 ∏s = ∏1 cos (ωh + ϕ2) e
-κh

 + ∏2e
-δ(h-d)

  for h ≥ d    8.6 

 ∏s = - P     for 0 < h < d   8.7 

Where d is the diameter of the particles, P is the bulk pressure of the nanofluid, and other 

all parameters are fitted as cubic polynomials in terms of the nanoparticles volume fraction 

(Φ), Φ = 6np/πd
3
, np is the number of particles per unit volume of the system. So this 

structural disjoining pressure depends on the size and the number of the deposited particle 

layer at the triple line, which in turn depends on the particles concentration within the 

suspension. When the particle concentration is low chances of monolayer formation with less 

dense structure is more, but higher particle concentration particles may form multi layer. The 

disjoining pressure is maximum when the particles are deposited as a single layer
20

 which 

favors increase in wetting by decreasing contact angle. With the increase in number layers, 

the disjoining pressure successively decreases and after 4
th

 or 5
th

 layer it reaches to almost 

zero, as the deposited particles form a solid like structure at the boundary. When the liquid 

contact angle is > 90° the particles can move easily to the edge of the three phase contact line, 

however for < 90° particles will be restricted to move somewhere before the edge at the 

vertex depending on particle size. In case of the PTFE surface as the contact angle is > 90° 

the particles may be easily reached to the three phase contact line. When the particle size is 

large the number of deposited particle layer will be less than that in the presence of small size 

particles, as the height of the liquid film layer at the vertex may not be sufficient to 
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accommodate multi layer. At the same time for smaller particles, because of the low 

gravitational force the probability of deposition of the particles on the surface is also less than 

the larger particles. Finally, it has been observed that the contact angle decreases gradually 

with the increasing particle size on the PTFE surface. In some reported studies it has been 

reported that disjoining pressure becomes significant when the particle concentration is ~ 20 

vol% or more.
26,38

 However, in this study it is essential to mention that the overall particle 

concentration was lower than 20 vol% but at the triple junction point it would be sufficiently 

high to show significant disjoining pressure because of the accumulation of particles, as 

evaporative flux of the sessile drop drives the particles towards drop edge. It is also note 

worthy to mention that in our study particles are present inside the sessile drop, whereas in 

the reported studies by Wasan and co-works 
15,20,29

 oil droplet is present inside the nanofluids. 

As a result, the present situation is quite different.  

The reduction of contact angle can also be supported by the reduction of surface tension 

in the presence of nanoparticles using Young’s equation. Additionally, when particles are 

deposited on the flat surface, the surface can be considered as nano-level roughness with 

higher roughness factor. The increase in roughness factor eventually helps to decrease in 

contact angle.
24,25,39

 The particle size and concentration is also important in this case.  

In contrast to the PTFE surface, the contact angle increases on the glass surface for 

similar studies, although nanofluids show lower surface tension. In case of a sessile drop in 

the presence of particles suspension, at the triple line excess pressure develop within the 

suspension because of the deposited particles, which should favor the flow of the liquids by 

reducing the contact angle as discussed before. However, in this case as the contact angle 

increases, some opposing factor may be predominant over the driving force of disjoining 

pressure. The opposing force may be because of increasing hydrophobicity of the glass 

surface after deposition of the hydrophobic sulfur particles. The behavior is attributed to the 

similar phenomenon of increasing of contact angle on the glass surface in the presence of 

surfactant solutions.
40–42

 After the initial sharp increase, the contact angle slowly increases 

with increase in particles size and attain a maximum then there is a little decrease in the 

presence of 860 nm particles may be because of the excess structural disjoining pressure.  

 The effect of increasing particle concentration in the presence of a fixed particle size (860 

nm) shows contact angle decreases for the PTFE and increases for the glass surfaces, similar 

to that of size effect. This effect is attributed to similar to that of surfactant concentration, in 

the presence of low particle concentration the chances of monolayer formation with less 

dense structure is more; however with the increasing particle concentration particles 
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adsorption density increases even at higher particle concentration chances multilayer 

formation is also more. The results show with the increasing particle concentration the 

contact angle decreases because of increasing particle adsorption density on the solid surface. 

When the particles are close enough to form a monolayer, they are more stable because of 

increase in particle-particle van der Waals force of attraction as the particle-particle distance 

of separation decreases, which in turn leads to increase in disjoining pressure. Additionally, 

in the contact angle reduction process, roughness factor because of the deposition of particles 

also play a positive role as mentioned before. The contact angle again increases above 80.2 

mg/l concentration, may be because of the formation of multilayer, which is again related to 

disjoining pressure. For glass surface maximum contact angle increase is at low particle 

concentration, and then there is a decreasing trend but the lowering is more prominent at 

higher particle concentration. As adsorption density depends on solid surface, we believe 16 

mg/l particle concentration is sufficient to form the monolayer and shows lowest contact 

angle, slight increase in concentration above that the contact angle change is not that 

significant. Unlike the PTFE surface contact angle is less than 90° for the glass surface, so at 

higher particle concentration particle-particle interaction in the bulk phase is more, in this 

situation particles cannot reach to very close distance to the triple point at the vertex; that 

may be the probable reason of decreasing contact angle. Now comparing both surface tension 

and contact angle results it is observed that small sized particles are more effective to reduce 

the surface tension whereas large sized particles are responsible to change the contact angle.  
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Figure 8.4. Variation of contact angle with the particle size (a) and particle concentration (b) 

on the glass and PTFE surfaces in aqueous solution using sulfur nanofluids. Insets show 

schematics of wetting on PTFE and glass surfaces. 
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PTFE surface. It has been found that the slope for the PTFE surface is < 1 (0.70) and for the 

glass surface it is > 1 (1.72). These results clearly indicate surface excess of particles at 

PTFE-water interface is lower (0.70 times) than that of air-water interface; however at 

glass-water interface it is 1.72 times more.
11

 So, the higher adsorption density of sulfur 

particles at glass-water interface than that of PTFE-water interface is the main reason for 

higher extent of contact angle change on the glass surface (30°) than the PTFE surface (7°) 

by the same nanofluid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.5. Plot of adhesion tension (γLG cosθ) vs. surface tension (γLG) on glass and PTFE 

surfaces for sulfur nanofluids (irrespective of particle size and concentration). 
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of adhesion is the work applied to an interface to separate the phases. The work of adhesion is 

more if there is more attractive interaction between the phases. Figure 8.6(a) shows the effect 

of particles size on the WA in the presence of a constant particles concentration (16 mg/l). The 

figure clearly indicates for the glass surface WA decreases sharply in the presence of low sized 

particles then continued slowly and attains to a plateau value of 59.1 mJ/m
2
 in the presence of 

860 nm sulfur particles; the results are consistent with the contact angle. In case of the PTFE 

surface, WA also decreases with the increasing particle size, which is contradictory with the 
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because of the ranges of contact angle values, as all the contact angle values are above 90° 

(where, cos θ = negative) and surface tension is decreasing, so ultimately WA also decreases. 

Figure 8.6(b) shows the effect of particle concentration in the presence of fixed sized 

particles (860 nm) on WA for glass and PTFE surfaces. For the glass surface, at low particle 

concentration the WA sharply decreases then almost constant, whereas for the PTFE surface at 

a low particle concentration (16.0 –80.2 mg/l) the WA is almost constant but at high particle 

concentration (160.3 mg/l) it decreases because of increase in contact angle.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.6. Effect of sulfur particle size (a) and particle concentration (b) on work of 

adhesion (WA) at glass and PTFE surfaces. 
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8.3.1.4 Wetting of PTFE and Glass Surfaces by TiO2 Nanofluids 

Similar to sulfur nanofluids, concentration and size effects on wetting of PTFE and glass 

surfaces using TiO2 nanofluids were studied as shown in Figure 8.7(a,b). Figure 8.7(a) shows 

the effect of particle size on the contact angle at a fixed particle concentration (0.8 mg/l) on 

PTFE and glass surfaces. In case of PTFE surface, the contact angle continuously decreases 

to 104.5° in the presence of ~381.5 nm particles and after that it is almost constant. For TiO2 

nanofluids the final decrease in contact angle is 4°more compared to that of sulfur; although 

interaction between PTFE surface and TiO2 particle is expected to be less because of 

hydrophobic nature of PTFE surface, still lowering of contact is more mostly because of the 

increase in hydrophilicity of the TiO2 deposited PTFE surface. Whereas on the glass surface 

the change in contact angle do not follow a particular trend, the contact angle initially 

increases sharply to 65.3° in the presence of 135 nm TiO2 particles then it increases slowly 

and attain a maximum (69.2°) in the presence of 240 nm particles; but after that it again 

decreases to 52.4° in the presence of ~400 nm sized particles. When TiO2 particles are 

deposited on glass surface near to the triple line there will be an excess disjoining pressure, 

but at the same time, similar to the PTFE surface the surface hydrophobicity will also change 

because of particles deposition on the surface. In this case as TiO2 is less hydrophilic than 

glass, the surface hydrophilicity dominates over the disjoining pressure; as a result the contact 

angle initially increases with increasing particles size. In the presence of 240 nm particles the 

contact angle reaches to 69.2°, which is close to the contact angle of pure water on a pure 

solid TiO2 surface (72°-74°).
43,44

 The contact angle value also depends on the phase and as 

well as the crystal plane of TiO2.
44

 So, the result indicates that in the presence of 240 nm 

particles TiO2 may forms a uniform layer on the glass surface so that contact angle increases 

and wetting property decreases. When the particle size further increases the larger particles 

may not be able to reach close distance of the triple line of the vertex, as a result the 

disjoining pressure again dominate as a controlling factor to reduce the contact angle. Similar 

to the PTFE surface the maximum the change in contact angle was observed in the presence 

of sulfur nanofluids (77.4°) compare to TiO2 nanofluids (69.2°) because of the more 

hydrophobic nature of sulfur materials. The optical images of sessile drops of TiO2 nanofluid 

containing 380 nm sized particles at 0.8 mg/l concentration on PTFE and glass surfaces are 

shown in (c) and (d) parts of Figure 8.3 to show the spreading behavior.  

 The Figure 8.7(b) shows the particle concentration dependent contact angle on both PTFE 

and glass surfaces in the presence of 240 nm sized TiO2 particles. Similar to sulfur nanofluids 

the contact angle decreases slowly with the increasing particles concentration and attains a 
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value of 97.8° at 20 mg/l concentration on the PTFE surface continuing the decreasing trend 

without saturation. This continuous decreasing trend of contact angle with the increasing 

particle concentration is attributed as follows. As TiO2 particle size used is smaller and 

surface charge (ζ = - 30.4 mV) is also higher than sulfur, particle-particle van der Waals 

attractive force reduces because of electrostatic repulsive force, as a result ,particle density at 

the surface decreases. In this condition, probably the required particle concentration is more 

to form a complete monolayer on the surface. Additionally, as the contact angle is always 

greater than 90° particles may also form multilayer at higher concentration without any 

confinement of the particles at the edge of the vertex. Whereas in case of the glass surface 

similar to size affect the contact angle do not follow a particular trend. The contact angle 

initially increases sharply to 64.3° in the presence of 0.8 mg/l particle concentration then it 

starts decrease and reaches a minimum value of 46.8° at 8 mg/l concentration and beyond 

that again it increases to 66.1° at 20 mg/l concentration. The initial increase in contact angle 

may be because of the increasing hydrophobicity after the scattered deposition of particles on 

the glass surface. In the next step of decreasing trend, when the particle concentration 

increases deposited particles may form a uniform monolayer near to the triple line where 

disjoining pressure may predominant. In the third step of increasing contact angle 

 Considering the effect of both S and TiO2 nanoparticle on both PTFE and glass surfaces, 

it is clear that for the hydrophobic surface the disjoining pressure gradient is more important 

to control the wetting, whereas for the hydrophilic glass surface the particle-solid van der 

Waals interaction is more important for final contact angle. In case of the PTFE surface 

maximum decrease in contact angle occurs by TiO2 nanofluids because of higher 

hydrophilicity of the TiO2 particles than the S, whereas for hydrophilic glass surface 

maximum increase occurs in the presence of sulfur nanofluids because of its higher 

hydrophobicity than TiO2. 

 

 

 

 

 

 

 

 



182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.7. The variation of contact angle on PTFE and glass surfaces by TiO2 nanofluids: (a) 

effect of particle size, (b) effect of particle concentration.  
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surface and the TiO2 nanoparticles both are negatively charged, adsorption density on glass 

surface is lower because of the electrostatic repulsive force between the particles and surface.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.8. Plot of adhesion tension (γLG cosθ) vs. surface tension (γLG) on glass and PTFE 

surfaces for TiO2 nanofluids (irrespective of particle size and concentration). 
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2
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combined effect of change in surface tension and contact angle. Similarly, for glass surface, 

at the low particles concentration the WA is sharply decreases to 75.4 mJ/m
2
 at 0.8 mg/l 

particle concentration because of increase in contact angle as well decrease in surface tension, 

then further increase in particles concentration the WA increases to 105.1 mJ/m
2
 at 12 mg/l 

particle concentration as both factors (decreasing contact angle and increasing surface 

tension) are favorable to increase the work of adhesion. In the third regime at very high 

particle concentration (20 mg/l) the WA again decreases to a value 69.2 mJ/m
2
 because of 

similar reasons.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.9. The variation of the WA on PTFE and glass surfaces by TiO2 nanofluids: (a) effect 

of particle size, (b) effect of particle concentration. 
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8.3.2 Degradation of Methylene Blue Dye by S Doped Hollow TiO2 Nano-catalyst 

In recent year the remediation of organic pollutant is an important concern factor because of 

the day to day increase in organic effluents from different especially dyes and tannins 

industries. Among the different organic pollutants dyes are major concern and these dyes can 

be removed by either adsorption or degradation process. In the beginning of the dye removal, 

adsorption is mainly used because of its low cost, as different low cost materials can be used 

as adsorbent easily. But major problem with this method is the release of adsorbent after 

removal the dyes from solution, post treatment steps are required to recollect the dyes from 

adsorbent which is costly process. After development of an idea of photo catalysis reaction, 

photo degradation is important technique to removal the dyes by using the selective photo 

catalyst and appropriate photon source. In this techniques generally more pollutant dye are 

converted to either low molecular weight less pollutant chemical or completely degradated to 

CO2 and H2O by utilization of photons. Especially, among the different photocatalyst TiO2 is 

most used for the degradation because of its stability and excellent catalytic properties, but 

difficulties its higher band gap which can be activated at UV light source only. So different 

metal or non metal doped TiO2 nanoparticles either in solid or hollow structure is tried for the 

degradation through reduction in band gap of TiO2. So here non metallic S doped TiO2 

nanoparticles (as synthesized in chapter-7) are used for the degradation of synthetic cationic 

methylene blue dyes and results are as in below.  

 To see the potential application of S doped hollow TiO2 nanoparticles as a photocatalyst, 

degradation of a widely used cationic organic dye (methylene blue) under solar light was 

studied. Experimental results of degradation of MB in the presence and absence of solar light 

are presented in Figure 8.10. The figure depicts that in the absence of particles the 

degradation of MB dye is low (~5%) in solar light and the removal of MB by the adsorption 

(studied in dark) is also low for solid TiO2 (4.6%) and S doped hollow TiO2 particles (6.7%). 

Higher adsorption capacity of hollow TiO2 particles is attributed to the higher surface area of 

hollow particles (318.11 m
2
/g) compare to the solid TiO2 particles (130.94 m

2
/g). The surface 

area and pore volume of the S doped hollow particles are significantly higher than the 

reported standard Degussa P25 TiO2 as shown in Table 8.1 in supporting information mainly 

because of the hollow and porous shell structure. The degradation results show 98.6% dye is 

removed in the presence of solar light, compared to that only 6.7% in dark by using S doped 

hollow TiO2 particles. In case of photocatalytic reaction the transfer of electron from valence 

to conductance band is most important step which initializes the reaction but sufficient band 

gap is also important to inhibit the recombination of electrons and holes, as a result increase 



186 

 

the degradation activity. The decrease in band gap of S doped hollow TiO2 nanoparticles (2.2 

eV) compared to that of standard Degussa P25 particles is the main reason for higher 

degradation efficiency in solar light.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.10. Plot of % dye remaining in the solution with the time in case of hollow S doped 

TiO2 particles in absence and presence of solar light, and without any particles in solar light. 

 

 In the previously reported studies it has been mentioned that in the process of MB 

photodegradation the final degraded products are either CO2, NH3 and H2O 
45

 or phenol 
46

; 

however in the present study it has been observed that some intermediate products are 

formed. The total organic carbon (TOC) analysis of the degraded solution was found to be 

1.15 ppm lower than that of the original solution (11.60 ppm) indicates only very less amount 

of MB is completely degraded or mostly converted to intermediate products in which some 

carbon containing groups are also removed as CO2 as shown in Scheme 8.1. The UV-Vis 

spectroscopy and GC-MS analysis of degraded products confirms about the absence of 

phenol, which is good form the environmental view point. To get more information about the 

degraded product under solar light, the solution was also analyzed by HPLC and results are 

presented in Figure 8.11; this chromatogram shows the intensity of MB peak (98.4 s retention 

time) is equivalent to the 1 mg/l pure MB peak and at the same time three different new peaks 

are also appeared at shorter retention times (31.2, 40.8, and 57.6 s) because of formation of 

some low molecular weight degraded products. The S doped hollow TiO2 particles are also 

characterized by FT-IR analysis after degradation of MB and results are presented in Figure 
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8.12. In case of pure MB, the FT-IR spectrum exhibits the symmetric stretching of C-N at 

1342 cm
-1

, symmetric deformation vibration of –CH3 at 1392 cm
-1

, vibration of hetero-cycle 

skeleton at 1039, 1178, 1490 cm
-1

, benzene ring stretch at 1599 cm
-1

, and at 2357-2362 cm
-1

 

for tertiary amine group. Whereas, in the absence of light the MB is expected to be only 

adsorbed on the catalyst surface, FT-IR spectrum of MB adsorbed TiO2 is almost similar to 

that of pure MB with low peak intensity and slight peak shifting (~3-5 cm
-1

) because of 

adsorption. Additionally, some new peaks (a weak band at 1030-1035 cm
-1

 for Ti-S, a wide 

band below 1000 cm
-1

 for lattice vibration of TiO2 structure) are also observed because of the 

S doped TiO2 catalyst. The FT-IR spectrum after the MB degradation shows some peaks are 

shifted (2350-2355, 1414 cm
-1

) and some new peaks (1643, 1565-1570, 1100-1105 cm
-1

) are 

formed because of the degraded products. The peak at 1100-1105 cm
-1

 is because of C-O 

stretch of secondary alcohol. It is also noteworthy to mention that most of the compounds are 

present in the solution phase, only the adsorbed molecules on TiO2 show peak in FT-IR 

analysis. After the degradation, the solution was also characterized by FT-IR (As shown in 

Figure 8.13) to identify the degraded product in the solution. The solution contains similar 

peaks as pure MB with slight shifting at 2360-2370 cm
-1

 for tertiary amine, at 1605 cm
-1

 for 

benzene ring stretching, and 1495-1515 cm
-1

 hetero cyclic ring stretching, 1339 cm
-1

 for C-N 

stretching of tertiary aromatic amine because of remaining amount of  MB in the solution. 

But at the same time some extra peaks were observed in degraded solution at 3315, 3350 cm
-1

 

for the stretching of N-H bond in primary aromatic amine, 1339 cm
-1

 for C-N stretching in 

primary aromatic amine, 1186, 1038 cm
-1

 for O=S=O symmetric stretching and SO3
-
 

stretching respectively. These intermediates compounds consist of primary, tertiary amine, 

and SO3H groups. Those compounds are confirmed by GC-MS as shown in scheme 8.1. 
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Figure 8.11. HPLC spectrum of (a) 1 mg/l MB and (b) 98.6% MB degradated solution. 
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Figure 8.12. FT-IR spectrum of MB, S doped hollow TiO2 particles, catalyst after exposure of 

the MB in absence and presence of light. 
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Figure 8.13. FT-IR spectrum of solution after degradation. 

 

 

Table 8.1. Different parameters (surface area, pore volume, average pore size) of Degussa 

P25 and S doped hollow TiO2 catalyst and % removal of MB dye in the presence of both 

catalysts. 

Particles Surface 

Area (m
2
/g) 

Pore 

Volume 

(cm
3
/g) 

Avg. Pore 

Size (nm) 

% Degradation 

in solar light 

Degussa P25
47

 63.0 0.06 3.8 30.0 

S doped hollow 

TiO2 

318.11 0.13 3.4 98.6 
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Scheme 8.1. Probable photocatalytic degradation pathway of MB. 

 

 S doped hollow TiO2 particles show the higher photocatalytic activity compare to the 

standard Degussa P25 TiO2, however to get an idea about the re-usability of the catalyst, we 

further, conducted the cyclic stability test (as shown in Figure 8.14) with hollow S doped 

TiO2 particles. In this experiment the catalyst was re-used from the previous batch of 

experiment without any further treatment for five times. Experimental results show even ~ 

71.1% MB can be removed during the fifth run of the experiments. So the ability or 

reusability of the catalyst may have great importance in the practical applications.  
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Figure 8.14. Recycling test of S doped hollow TiO2 particles and inset figure shows the color 

of the individual solution after the removal of MB dye.  

 

To get a fair idea about the efficiency of this nanocatalyst comparisons are made here 

based on the reported studies where degradation efficiency is high. The degradation 

efficiency depends on several parameters such as type of the dye, catalyst loading, dye 

concentration, solution pH, intensity and wavelength of incident light and so on; hence, it is 

very difficult to get identical studies to compare accurately. Using pure TiO2 catalyst 

maximum 93% MB degradation was reported under UV light (290 nm). 
46

 In case of doped 

catalyst, S and C codoped TiO2 nanocatalyst was found to be reported as maximum 97% MB 

degradation under 2 h exposure of visible light (150W tungsten lamp).
47

 In other study, 98% 

methyl orange (anionic dye) degradation was also reported by sulfate modified TiO2 catalyst 

under solar light with 50 mg/l dye and 1 g/l catalyst concentrations in 4 h.
48

 In both of these 

cases intensity of light, dye and catalyst concentrations are higher compare to our study; in 

case of anionic dye adsorption of dye on positively charged TiO2 surface is also expected to 

be high. The present study shows maximum 98.6% MB degradation under solar light (at 

environmental temperature ~ 25 °C) within 5.5 h using 0.5 g/l catalyst concentration which is 

more cost effective and energy efficient. While comparing catalyst re-usability it has been 

found that the degradation efficiency during fifth cycle is more (20%) in the reported study of 

Xu, et al.
47

 than this study may be because of higher catalyst concentration used by them. In a 

recent study using other protocatalyst (polyaniline/ZnO) show 97% MB degradation under 
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solar light in the presence of 0.4 g/l catalyst dosing and 3.2 mg/l dye concentration in 5 h at 

30-32 °C.
49

  

 

8.4 Conclusions 

In case of wetting study, the observed results show the nanofluids can strongly influence the 

wettability of solid surfaces. Nanofluids also show strong surface tension reduction ability 

depending on particle size, concentration, and materials property similar to that of surfactant 

solutions. Surface tension gradually decreases with the decreasing particle size and TiO2 

nanofluids show lower surface tension than that of sulfur. In the presence of minimum 

particle size (157 nm for sulfur and 135 nm for TiO2) surface tension of pure water reduces to 

53.4 and 47.1 mN/m for sulfur and TiO2 nanofluids respectively. Nanofluids have also ability 

to change the contact angle on solid surface because of deruction in surface tension as well as 

disjoining pressure of thin liquid film. The contact angle on the PTFE surface is more 

influenced by TiO2 nanofluids than S nanofluids, the contact angle decreases to a minimum 

value (104.9°) in the presence of larger sized TiO2 particles (400 nm). Similarly with the 

increasing particle concentration, a minimum contact angle of 97.8° is achieved in the 

presence of 20 mg/l particle concentration. Whereas, in case of the glass surface, S nanofluid 

is more effective to increase the contact angle to a maximum extent (77.4°) in the presence 

600 nm particles. It has been found that in case of the PTFE surface the structural disjoining 

pressure, whereas for the glass surface the change in surface hydrolhilicity because of the 

deposition of particles are most important factors to control the wettability by nanofluids.  

 Whereas, in case of photodegradation study the virgin S doped TiO2 catalyst is able to 

degrade 98.6 % methylene blue in 5.5 h of solar light exposure and 71% after fifth times 

recycling without any further treatment. This catalyst can be used effectively for the 

environmental remediation purpose because of high surface area and low band gap. As the 

surface area of the catalyst is high it can also be used for other applications also. 
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9.1 Conclusions 

The main outcome of this project is the development of a simple aqueous based synthesis 

technique for the synthesis of hollow nanoparticles by sacrificial core technique, where core 

can be selectively removed by dissolution in the presence of organic solvent as well by 

calcination depending on the property of shell material. To prove the applicability of this 

technique, single and double-shell hollow inorganic nanoaprticles of a wide varieties of 

materials such as metal chalcogenide type semiconductors (Ag2S, ZnS, Ag2S/ZnS and 

ZnS/Ag2S), noble metals (Au, Ag/Au), and transitional metal oxide (TiO2) are synthesized by 

this method using sulfur as sacrificial core which is removed by both calcination as well 

dissolution in the presence of CS2. The specific conclusions for individual chapters are 

systematically presented as follows, 

 The core sulfur nanoparticles are synthesized by disproportionation reaction of sodium 

thiosulphate in acid media where the size of the sulfur particles depends on the acid types 

(either inorganic or organic), ionization constant of the acids, thiosulphate concentration, and 

acid to thiosulphate ratio. In inorganic acids media the particles size is larger than in the 

organic acid media. The particle size distribution is also narrow in the organic acid catalyzed 

reaction because of higher zeta potential of the particles in organic acid media to prevent 

agglomeration tendency. To control the particles size and core surface modification different 

surfactants (TX-100, SDBS, SDS, and CTAB) are used as surface modifier, because of the 

adsorption of ionic surfactants molecules through their tail groups a uniform charge is 

developed on the core surface so the agglomeration of the particles is less and the particles 

size is comparatively lower than that of pure aqueous media. Compared to non-ionic or 

cationic surfactants, in anionic surfactant media the particle size is low, particles size 

distribution is narrow, and in a wide range of reactant concentration the change in particle 

size also less, mainly because of the higher zeta potential of the particles (-75 to -85 mV). 

While comparing two ionic surfactants studied here SDBS is more effective for controlling 

the size of the particles, but in CTAB media within a certain reactant concentration range 

lower particle sizes are obtained in contrast to the other surfactants. Sulfur nanoparticles of 

approximately 30 nm particle size can be synthesized by organic acid catalyzed precipitation 

of thiosulphate in the presence of aqueous CTAB media. The surfactant concentration is also 

one important factor for the particle sizes and it seems that above CMC is better for 

controlling particle size. Mostly spherical shape orthorhombic or α-sulfur with S8 structure is 

formed in this method. The particles formation by this acid catalyzed reaction of thiosulphate, 

the particle size mainly depends on the diffusion rate as the reaction rate is fast. Different 
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parameters such as the presence of sonication, acid ionization constant are also affects the 

growth rate as well as equilibrium particles size. There is a linear increase in coarsening rate 

constant with the increase in reactant concentration. Coarsening rate constant of an organic 

acid is lower than that of the inorganic acids, between the inorganic acids monobasic acid 

(HCl) is having lower coarsening rate constant than that dibasic acid (H2SO4). The surfactants 

also play a major role in reduction the rate of nucleation and growth process. Among the 

three different surfactants studied here the coarsening rate constants are changing according 

to: TX-100 > SDBS > CTAB. The growth rate is also depends on the concentration of the 

surfactant. It has been found that growth rate decreases nonlinearly with the increasing 

surfactant concentration and becomes almost constant close to the CMC of the surfactant. 

 Hollow Ag2S nanoparticles were synthesized by dissolution of sacrificial sulfur core in 

CS2 from S/AgBr core/shell nanoparticles. Different characterization techniques such as by 

UV-vis spectroscopy, fluorescence spectroscopy, XRD, and TEM were also confirmed the 

formation of S/AgBr core/shell as well as hollow Ag2S. The ultimate particles size and shell 

thickness can be controlled by maintaining the AgNO3 concentration. The light emission 

property of hollow Ag2S particles were studied by calculating quantum yield (QY) and 

compare with the solid particles which was synthesize by the same method. The hollow Ag2S 

nanoparticles showed 67% higher QY compare to the solid Ag2S nanoparticles.  

 Multi-shell nanoparticles either core/shell or hollow structures are of great interest 

because of their excellent optical properties. Hollow Ag2S/ZnS and ZnS/Ag2S nanoparticles 

were synthesized through removal of sulfur core by calcination. The optical properties were 

studied through fluorescence spectroscopy and compare with the hollow Ag2S and ZnS 

nanoparticles. The light emission properties of both bi-layer hollow nanoparticles 

comparatively in between of the hollow Ag2S and ZnS particles. QY of hollow Ag2S 

nanoparticles 0.89 whereas after 27.8 nm thick coating of ZnS material the QY is decreases to 

0.39 but it quite high than pure hollow ZnS nanoparticles which increase the importance of 

this bi-layer hollow nanoparticles in sensor or laser application. Similarly when ZnS is coated 

with Ag2S to form hollow ZnS/Ag2S nanoparticles, the QY is also follow the same trend as it 

is in hollow Ag2S/ZnS nanoparticles. Most importantly the QY of this bi-layer hollow 

nanoparticles is not only depends on the external layer materials, it also depends on the 

thickness of the external layer, for hollow Ag2S/ZnS nanoparticles the QY is maximum at 

optimized ZnS layer thickness of 27.8 nm but below or above this thickness the QY is 

decreases. 
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 The Au, Ag and Au-Ag composite nanoparticles were synthesized in SDBS and CTAB 

micellar media. The particles size, the light absorption intensity and peak position of Au and 

Ag nanoparticles are changing with the concentration of the corresponding salt precursors. In 

SDBS media the Au and Ag nanoparticles size varies 10-40 and 6-65 nm respectively 

whereas in CTAB media the particles size varies for Au and Ag 30-42 and 18-57 nm for Au 

and Ag respectively in the 0 to 0.250 mM respectively salt concentration. The composite Au-

Ag nanoparticles was synthesized in both micellar media and there is size variation was 

observed on depending the surfactant media, at same individual salt concentration (0.1 mM) 

the particles size in SDBS media is comparatively low 11.3 nm than the CTAB media 22.6 

nm. The hollow Au and bi-layered Ag/Au nanoparticles were synthesized by the same 

technique through the removal of sulfur core by calcination and red shift observed in 

absorption spectra, the peak shifted to the 550 nm and at same time an extra peak was 

observed at NIR region (1148 nm). But most interestingly these hollow nanoparticles shows 

the PL emission spectra at extended visible or near IR region those are not observed for pure 

Au, Ag or even Au-Ag composite nanoparticles and because of this property these hollow 

nanoparticles are used for cellular imaging or specific drug targeting in biomedical fields.  

 Hollow TiO2 nanoparticles were also synthesized by this technique where sulfur core was 

removed by calcination. The hollow TiO2 nanoparticles formed by this technique were almost 

in spherical shape with uniform shell thickness and in anatase phase. The surface area of the 

synthesized hollow TiO2 nanoparticles was comparatively higher (318.11 m
2
/g) than the solid 

TiO2 particles (130.94 m
2
/g) because of hollow and porous structure but the band gap is 

exceptionally low (2.2 eV) than pure anatase TiO2 (3.1 eV) i.e., because of the doping of non-

metallic sulfur by replacing some of the oxygen in the TiO2 crystal structure. The XPS and 

FT-IR analysis of hollow particles confirm about sulfur doping by replacing oxygen. The 

high surface area and low band gap properties of the S doped hollow TiO2 nanoparticles 

makes it useful materials as photo-catalyst in solar light, which is important from economical 

and environmental viewpoints. As the surface area of the catalyst is high and band gap is low 

it can also be used for other applications especially dye sensitized solar cell (DSSC). 

 In this section application of some of the single solid and hollow nanoparticles were 

studied in wetting of the solid hydrophobic (PTFE) and hydrophilic (glass) surfaces and 

photo-degradation of organic dye under solar light. In case of wetting study, pure solid S and 

TiO2 nanoparticles were used. These particles were initially synthesized without any capping 

agent and directly used in situ to study the effect particles size and concentration on the 

wetting of solid surfaces. The observed results show the nanofluids can strongly influence the 
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wettability of solid surfaces. Nanofluids also show strong surface tension reduction ability 

depending on particle size, concentration, and materials property similar to that of surfactant 

solutions. Surface tension gradually decreases with the decreasing particle size and TiO2 

nanofluids show lower surface tension than that of sulfur. In the presence of minimum 

particle size (157 nm for sulfur and 135 nm for TiO2) surface tension of pure water reduces to 

53.4 and 47.1 mN/m for sulfur and TiO2 nanofluids respectively. Nanofluids have also ability 

to change the contact angle on solid surface because of reduction in surface tension as well as 

disjoining pressure of thin liquid film. The contact angle on the PTFE surface is more 

influenced by TiO2 nanofluids than S nanofluids, the contact angle decreases to a minimum 

value (104.9°) in the presence of larger sized TiO2 particles (400 nm). Similarly with the 

increasing particle concentration, a minimum contact angle of 97.8° is achieved in the 

presence of 20 mg/l particle concentration. Whereas, in case of the glass surface, S nanofluid 

is more effective to increase the contact angle to a maximum extent (77.4°) in the presence 

600 nm particles. It has been found that in case of the PTFE surface the structural disjoining 

pressure, whereas for the glass surface the change in surface hydrophilicity because of the 

deposition of particles are most important factors to control the wettability by nanofluids.  

 For the photo-degradation of the synthetic organic dye methylene blue by S doped hollow 

TiO2 photo-catalyst was used under solar light. The result shows this synthesized catalyst is 

able to degrade 98.6 % methylene blue in 5.5 h of solar light exposure and 71% after fifth 

times recycling without any further treatment, so this catalyst can be used effectively for the 

environmental remediation purpose because of high surface area and low band gap.  

 In summary, the aqueous surfactant based synthesis route for core/shell and hollow 

nanoparticles can also be useful to prepare a wide range of different nanoparticles. The 

advantages of this route are most of the cases synthesis is one-pot, consumption of surfactants 

is very less compared to microemulsion method, particles separation and purification is easy 

compared to that of micromulsion or other methods. The idea of using hydrophobic sulfur as 

a sacrificial soft core is beneficial because the surface can be easily modified to positive or 

negatively charged in the presence of cationic or anionic surfactants respectively for coating 

of other material onto it. At the same time the removal of core is also easy by calcination at 

comparatively lower temperature (450 °C) as well as dissolution in CS2 depends on the 

properties of the shell material. Finally, the whole process (i.e., formation of core, core/shell, 

and hollow particles) may contribute to improve the understanding of stabilization colloidal 

particles through surfactant adsorption, formation of core/shell structure, nucleation and 

growth of nanoparticles. 
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9.2 Future scope 

Sulfur is an important material as a sacrificial core because of its high solubility in CS2 and 

low calcination temperature, utilizing these advantages many other advanced materials can 

also be developed for several important applications. Some future possibilities out of many 

more at the periphery of this project are listed below. In fact, some of these works are also in 

progress based on these findings in our present research group.  

i. In future hollow multi-shell metal oxide or metal/metal oxide particles can be studied 

because these types of particles are having higher application in catalysis. 

ii. Rattle type particles is another class of core/shell particles where core is movable with is 

shell layer, so these particles are having dual properties because of its core/shell structure 

but at the same time because of the hollow shell layer advantage of higher specific 

surface area can be achieved. For the synthesis of the rattle type particles sulfur can be 

used as sacrificial shell layer. 

iii. Some application oriented study can be done in future; especially the catalysis activity of 

the double-shell and S doped hollow TiO2 nanoparticles for the degradation of other 

organic materials. Other than this the antimicrobial effect of sulfur, S doped hollow 

nanoparticles can also be studied. The application of hollow TiO2 nanoaprticles in energy 

conservation especially for dye sensitized solar cell (DSSC) can be studied. Even 

nanoparticles combined with Au-TiO2 can be synthesized by this method for the 

application in DSSC because higher efficiency for energy conversion of these two 

combination.  

iv. Most importantly the application of multi-shell semiconductor (Ag2S/ZnS, ZnS/Ag2S), 

hollow Au or bimetallic hollow (Ag/Au) particles can be studied in future. 
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