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Abstract of Dissertation 

 

 A novel fabrication involving silica hard templates and microwave irradiation 

has been applied to produce hollow CdS nanobubbles with diameters in the 

submicrometer range but a shell thickness within the quantum confinement regime. 

The CdS nanobubbles have been found to exhibit unique photophysical properties and 

exceptional photocatalytic activity. 

 A brief overview of the topics mentioned in this dissertation is given in Chapter 

1. When semiconductor nanoparticles are small enough to be within the quantum 

confinement regime, their physical and chemical properties differ from those of the 

bulk materials, examples being changes in melting points, magnetism, optical 

properties, catalytic properties, and electron densities of states. A general summary of 

the syntheses methods of nanoparticles and the importance of size and shape tunability 

is given. Also, the enhancements of the nanoreactor confinement effect for hollow 

structures in heterogeneous catalysis have been explained. 

In Chapter 2, the unique photophysical properties of CdS nanobubbles are 

discussed. CdS nanobubbles are synthesized with a shell thickness within the quantum 

confinement range, resulting in valence band splitting. The direct observation of this 

phenomenon at room temperature has been reported for the first time through a 

Communication report in the Chemical Communications. The observed data from the 

photoluminescence spectra have been interpreted by comparison to previous 

theoretical studies. Discussions on band sensitivity to nanoparticle sizes, magnitudes 
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of splittings, oscillator strengths of transitions, and estimated relative electron/hole 

state populations have been given. 

Chapter 3 focuses on the fabrication, characterization, and photocatalytic 

application of CdS nanobubbles. A stepwise synthesis of CdS nanobubbles using silica 

hard templates and microwave irradiation has been employed to yield well-defined 

CdS nanobubbles of different sizes. The produced CdS nanobubbles have been 

completely characterized by transmission electron microscopy, energy dispersive X-

ray spectroscopy, high-resolution X-ray diffraction, X-ray photoelectron spectroscopy, 

and optical spectroscopy. The examination of their photocatalytic activities via the 

degradation of rhodamine B has shown that the pseudo first-order degradation rate 

constant via the nanobubbles is about 20 times larger than that via the SiO2@CdS 

core@shell nanocomposites due to nanoreactor confinement effect. The enhancement 

is contributed to the decrease in the activation energy of a new pathway (N-

deethylation) and an enhancement of the original pathway (conjugated-ring attack). 

 

 

Keywords: Cadmium sulfide, Hollow nanospheres, Core@shell nanospheres, 

Microwave synthesis, Quantum confinement effect, Photocatalysis, Nanoreactor 

confinement effect 
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Chapter 1. General Introduction 
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1. 1. Nanoscale Materials 

Since the term “nanoparticle” (NP) first appeared in the 1980s,1 interest in the 

field of nanochemistry has grown exponentially within the last few decades. The 

number of publications on nanoparticles increased from just 20 publications in the year 

1990, to 2,100 publications in 2000, and to 16,000 publications in 2008.2 In October 

2011, the European Commission defined the term “nanomaterial”:3 

“A natural, incidental or manufactured material containing particles, in an 

unbound state or as an aggregate or as an agglomerate and where, for 50% or 

more of the particles in the number size distribution, one or more external 

dimensions is in the size range 1 nm – 100 nm.”  

Although the initial interest in nanoscale materials have stemmed from their potential 

for miniaturizing and developing advanced technologies, the novelty and tunability of 

the properties of nanomaterials also offer diverse perspectives in interdisciplinary 

fields. 

One of the fundamental characteristics of nanoscale materials is that they have an 

extremely large surface area-to-mass ratio. As conceptually illustrated in Figure 1-1, 

the surface area of a cube with an edge length of 1 cm and that of the same volume of 

cubes with an edge length of 1 nm differ by a factor of 107. This drastic increase in the 

surface-to-volume ratio influences both the physical and chemical properties of the NP. 

Figure 1-2a shows that there are a significant number of atoms on the surface of NPs, 

meaning that properties of the surface atoms will significantly affect, and often 
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dominate, the overall properties of the nanomaterial.  Surface atoms with unsaturated 

bonding sites or unoccupied coordination sites are weakly bound in comparison to the 

highly ordered crystallinity of the ‘inner’ atoms, consequently resulting in lower 

melting points4 and higher chemical reactivity for nanomaterials in general (Figure 1-

2b).  

 

 

Figure 1-1. A simple model depicting the characteristic large surface area of 

nanomaterials (reproduced from ref.2).  

 

 

Figure 1-2. Plots of surface and inner atoms vs. nanoparticle diameter (a) and plot of 

melting point vs. nanoparticle diameter of gold NPs (reproduced from ref.2). 
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Figure 1-3. Plot of Hc against diameter of ferromagnetic NPs (a). Hysteresis loops 

showing the variation of magnetization, M, with alternating applied magnetic field of a 

ferromagnetic NP (b) and a superparamagnetic NP (c); saturation magnetic moment 

and remnant magnetic moment are represented by Ms and Mr, respectively (modified 

reproduction of ref.9-10). 

 

 

Nanoscale materials also show a change in magnetic properties in comparison to 

their bulk counterparts. The domain theory states that a ferromagnetic material, at 

temperatures below the Curie temperature, will spontaneously divide into smaller 

magnetic domains in order to reduce the magnetostatic energy.5 However, when the 

NP size is smaller a certain critical diameter, Dc, the domain theory fails to apply and 

the NP exists as a single domain because the domain wall energy surpasses the 

stabilization energy of a multi-domain structure (Figure 1-3a). When the size of the NP 

decreases even further to a diameter, Dp, the nanoscale material now becomes 
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superparamagnetic, and this phenomena can be explained by the equation for the 

relaxation of the magnetization organization orientation of each particle:6 

   =
  

    	(
  
  

)
 (1-1) 

where   =blocking temperature,	 = magnetic anisotropy constant,  = volume of 

the NP,   = Boltzmann constant,   = measurement time, and   = attempt period 

(~10-9–10-10). At NP sizes below Dp, the volume of the NP becomes so small that   , 

the energy barrier for magnetization to flip in a ferromagnetic material is comparable 

to    , the thermal energy. Thus, magnetization is subjected to random thermal 

fluctuations such that the ferromagnetic alignment flips up and down faster than the 

measurement time, and the NP seems to exhibit a paramagnetic-like behavior, hence 

called superparamagnetism. For ferromagnetic NPs of a specified volume, the 

minimum temperature for superparamagnetism to occur is the blocking temperature, 

  .7 Scientists have focused much attention into controlling the sizes of magnetic NPs 

for optimization in a variety of applications. Ferromagnetic NPs with a size along the 

borderline size for single- and multi-domain structures, Dc, show the highest coercivity, 

Hc, which is key to high-density data storage media (Figure 1-3b).7 Superparamagnetic 

NPs with extremely low    show higher magnetic susceptibility than paramagnetic 

materials, showing high potential for applications in biomedicine (Figure 1-3c).8 

Nanoscale materials also show unique optoelectrical properties as a result of their 

small size. When one or more of the dimensions of a semiconductor NP becomes 

comparable to the Bohr exciton radius, aB, the NP exhibits a phenomenon referred to 

as the quantum confinement effect. The band-like nature of the valence electronic  
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Figure 1-4. Schematic illustration of the density of states in metal and semiconductor 

NPs (a) and the density of states in one band of a semiconductor as a function of 

dimension (b); (reproduced from ref.4).  

 

 

states diminishes, meaning that the absorption peak maximum is blue-shifted and that 

the band-gap energy is increased (Figure 1-4a; for further details, see section 1.2).11-12 

For metals, because the Fermi level is in the middle of the conduction band, the 

quantum confinement effect does not affect its optical properties as obviously. 

However, metal NPs exhibit changes in the absorption band due to another 

phenomenon called surface plasmon resonance (SPR).13-15  In metal NPs, the mean 

free path of free electrons is greater than at least one dimension, resulting in a high 
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density of electrons at the surfaces. When light is irradiated, the polarized electron 

density oscillates in resonance with the frequency of the irradiated light, ultimately 

causing a standing surface plasmon oscillation.16 SPR is dependent on the size and 

shape15 of the metal NP and also the dielectric constants of the metal NP and its 

surrounds. Figure 1-5 summarizes the photophysical properties observed for both 

semiconductor and metal NPs. 

 

 

Figure 1-5. Fluorescence emission of CdSe@ZnS quantum dots of various sizes 

exhibiting the quantum confinement effect (left); absorption spectra of gold NPs of 

various sizes and shapes (right); (reproduced from ref.14). 

 

 

Nanoscale materials have also been reported17-23 to be excellent catalysts due to 

their enlarged surface are per volume, enhanced catalytic reactivity of the surface 

atoms, and the shape of the nanoparticles. The enlarged surface area-to-volume ratio 

obviously correlates directly to an increase in the number of catalytically active defect 

sites, and depending on the NP, the surface of the NP may be catalytically more active 

than the surface of its bulk counterpart (see section 1.4). 
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At the nanoscale, physical properties such as the surface-to-volume ratio, melting 

point, magnetism, and optical properties, as well as chemical properties such as 

reactivity and catalytic efficiency, can be controlled. Research at the nanoscale 

continues to expand because the tunable properties of nanoscale materials make them 

limitless prospects for applications in interdisciplinary fields of science.24 

 

 

1.2. Valence Band Splitting 

 

 

Figure 1-6. Diagram showing the effects of spin-orbit coupling on the hole states of 

typical zinc-blende and wurtzite semiconductor NPs. 

 

 

In order to take full advantage of the unique optical and electrical properties of 

semiconductor NPs mentioned section 1.1, it is important to completely understand 

their band structures. The electronic structure of II-VI and III-VI semiconductor NPs 
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have been extensively modelled by the tight-binding (TB) model and the effective 

mass approximation (EMA).25 The TB model is an atomistic model based on similar 

principles to those of the linear combination of atomic orbitals (LCAO) method, where 

the electrons are assumed to be ‘tightly bound’ to each isolated atom. The TB method 

is more suited for calculating the exact electronic structure of a single surface atom or 

a very small cluster of atoms.26 The EMA, on the other hand, is a continuum model 

based on k·p perturbation theory and envelope function approximations. It is based on 

the idea that an electron in a crystal has an effective mass when compared to the mass 

of a free electron. The EMA allows for simple labelling of electronic densities of states 

according to global symmetries.27-28 

For most II-VI and III-V semiconductor materials, the one-band model of EMA 

shows that the conduction band is primarily formed from s-orbitals of the metal cation 

and the valence band mainly resembles the p-orbitals of the anion. Although the 

conduction band can be approximated by simple parabolic bands, the valence band is 

highly stressed by nonparabolicity. When spin-orbit interactions are taken into 

consideration, the valence band splits into degenerate bands for both zinc-blende and 

wurtzite structures as shown in Figure 1-6. In the zinc-blende crystal lattice, the spin-

orbit split-off energy, ΔSO, splits the 6-fold degenerate valence band into 2 different 

valence bands: a 4-fold degenerate band corresponding to total angular momentum J = 

3/2 and a 2-fold degenerate band corresponding to J = 1/2. For J = 3/2, the mJ = ±3/2 

subband is referred to as the heavy-hole (HH) band and the mJ = ±1/2 subband is 

referred to as the light-hole (LH) band. For J = 1/2 and mJ = ±1/2, the subband is 

referred to as the spin-orbit split-off (SO) band. In wurtzite crystals, the degeneracy of 
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the uppermost valence bands is removed by crystal-field splitting; the three valence 

bands are labeled A-, B-, and C-subband. The following discussions will be based on 

the EMA of zinc-blende structures. 

At k = 0, where k is the wave vector reduced to the first Brillouin zone, the 

degeneracies of these subbands will not be lifted unless the NP experiences strong 

anisotropic effects and/or is within the strong confinement regime of ~2 exciton Bohr 

radii.29-30 When strong confinement-induced valence band mixing occurs, the 

degeneracy is further lifted and the hole wavefunctions become linear combinations of 

the different valence band states with mixed s-d-type symmetry. The studies conducted 

in this thesis are based on the valence band splitting of cubic zinc-blende CdS 

nanobubbles (Chapter 2).  

From the development of the Kane model31 in 1957, several important 

progressions to the quantum mechanical approach to valence band splitting have been 

generally accepted. In the Hamiltonian describing hole masses, deviations from the 

parabolic model have been accounted for by the Luttinger parameters,32 γ1, γ2, and γ3. 

Specific alterations to the kinetic energy term of the hole, Ĥh as described by eq. 1-3, 

in the Hamiltonian operator, Ĥ as described by eq. 1-2, have been developed:33-36 

 Ĥ = −
ħ   

 

   
+ Ĥ −

  

 |     |
+   (  ) +   (  ) (1-2) 

Ĥ = Ĥ  =    +
 

 
   

   

   
−

  

  
   

   
 +   

   
 +   

   
   

 −
   

  
             +             + {    }{    }  (1-3) 

where ħ is the reduced Planck constant,   
 	is the Laplace operator,   is the effective 

electron mass,   is the elementary charge, ϵ is the dielectric constant of the material,    
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is the electron radius,    is the hole radius,   (  ) is the potential energy of the electron 

as a function of   ,   (  ) is the potential energy of the electron as a function of   ,    

is the free electron mass,    is the hole momentum operator, and   is the 3/2-angular 

momentum operator. In eq. 1-2, the first term represents the kinetic energy of the 

electron, the second term represents the kinetic energy term of the hole (eq. 1-3), the 

third term represents the electron-hole Coulomb attraction, the fourth term represents 

the potential energy of the electron, and the fifth term represents the potential energy 

of the hole. 

By restricting the shape of the NP to spherical symmetry, the above-mentioned 

equations have been simplified to the Baldereschi-Lipari37 Hamiltonian, ĤBL: 

 Ĥ = Ĥ  =
  

   
    −

 

 
  ( ) ( )   (1-4) 

where  ( ) and  ( ) are second-rank tensor operators and the coupling parameter,  , is 

defined by: 

  =
       

   
 (1-5) 

The Hamiltonian was further simplified by Xia38 in 1989 by assuming a small 

band warping such that   =    in a spherical quantum well with an infinite potential 

barrier. This simplifies the coupling parameter to: 

  =
   

  
 (1-6) 

By doing so, Xia has reported that hole states do not vary monotonically with  , which 

describes the level of spin-orbit interaction, due to the mixing of HH and LH states 

(Figure 1-7). The resulting states with s-d-type symmetry are now linear combinations 
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of different valence band states.39 Experimental evidence for valence band splitting in 

CdS nanobubbles has been interpreted in Chapter 2 of this thesis.40  

 

 

Figure 1-7. Hole energy spectra of S3/2 (a), P3/2 (b), and D5/2 (c) states as a function of μ 

(modified reproduction of ref.38). 

 

 

1.3. Nanostructure Fabrication 

Seeing as nanoscale materials are extremely sensitive to size, it is important to be 

able to synthesize and control the fabrication of monodispersive NPs with small size 

distributions. The most widely accepted synthesis of small nanospheres is the hot-

injection method,41-42 which involves the rapid injection of precursors into a hot 

coordinating solvent. The formation of NPs can be described by the LaMer diagram43 

in Figure 1-8a. In stage I, otherwise referred to as the prenucleation stage, monomer 

build-up in the solution surpasses supersaturation (S > 1) but precipitation does not 

occur due to the high energy barrier for spontaneous homogeneous nucleation. In stage 

II, otherwise known as the nucleation stage, supersaturation reaches critical  
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Figure 1-8. LaMer diagram describing nucleation and nuclei growth (a) and scheme 

depicting the growth and stabilization of NPs (b) (modified reproduction of ref.2,43). 

 

 

supersaturation, Sc, such that the supersaturation is now high enough to overcome the 

energy barrier for nucleation. At this stage, stable nuclei are formed in a very short 

period of time. In stage III, or else the growth stage, nucleation in the preceding stage 

causes an exhaustion of monomers to a supersaturation below Sc, ceasing all 

nucleation. The particles now keep growing at a slower rate as long as the solution is 

supersaturated (S > 1). When supersaturation is still much greater than 1 (S ≫1), 

growth of the NPs is controlled by diffusion such that the radii of smaller NPs grows at 

a faster rate than the radii of larger NPs. For diffusion-controlled growth, variance of 

the size distribution is reduced and this stage is referred to as the size focusing regime. 
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However, as supersaturation decreases, the precipitation rate becomes faster than the 

diffusion rate, such that the atoms on the surfaces of the smaller NPs diffuse back into 

solution and precipitate onto the surfaces of the more stable larger NPs. At this stage, 

variance of the size distribution increases and this stage is called the size defocusing 

regime; this process is also referred to as Ostwald ripening.44-45 Overall, burst 

nucleation and control of the growth process allows for the fabrication of uniform 

spherical NPs.2,4,46 

In 2001, burst nucleation was achieved by a much simpler synthesis called the 

heat-up method,47-49 a simple batch process in which the precursors are mixed into the 

surfactant solution at lower temperature and then heated up to a specific temperature. 

Reaction kinetics of the heat-up process has been found to also follow stages II and III 

of the LaMer diagram, allowing for homogeneous nucleation. It is important to note 

that because the surfaces of NPs are so reactive, they must be stabilized by means such 

as steric stabilization, achieved by surfactants or polymers, or electrostatic stabilization, 

achieved by the adsorption of ions on the NP surfaces (Figure 1-8b). Otherwise, 

stabilization may be attained by fabrication of composite structures such as core@shell 

structures or the attachment of NPs onto a substrate or template. Another way to 

overcome stability issues is to design nanostructures which are not in the nanoscale in 

all three dimensions. An example is given by the CdS nanobubbles synthesized in this 

thesis. Despite the very thin shell thickness of 11 nm, the overall diameter of the 

nanobubbles ranges from 300 to 400 nm. 

Currently, a wide diversity of methods besides the hot-injection and heat-up 

methods are being utilized in the syntheses of nanoscale materials, examples being but 
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not limited to hydro/solvothermal,50 electrochemical, laser-induced51 fabrication 

methods. In particular, the microwave method has been gaining popularity and has 

been adopted in our fabrication process. By using microwave irradiation, heat is not 

transferred from the container walls as it is in conventional heating, which results in 

temperature fluctuations throughout the solution; instead, irradiation, and hence heat, 

is homogeneously induced throughout the solution such that nucleation also occurs 

homogeneously.52-54 

Depending on the design of the target nanoscale material for fabrication, 

different syntheses must be used. Among these designs, hollow-structured 

nanomaterials are gaining current interest for potential application as chemical 

reactors,55 drug delivery carriers,56 energy-storage devices57-58 and efficient catalysts59 

due to their distinct characteristics specified by tunable features such as shell thickness 

and interior cavity size. The main methods of syntheses of hollow structures are via 

hard template,60 soft template,61-62 and template-free63 methods. The hard-template 

method involves the initial application of a solid hard template such as polystyrene and 

SiO2 onto which a shell is coated. Then, the initial hard template is etched out. This 

method allows for the most control in size and shape, but the downsides are that it 

requires many steps and that it is limited by surface functionalization of the hard 

templates. This soft-template method utilizes malleable liquid or gas templates. It may 

require fewer steps than the hard-template method but the soft-template method is 

usually limited to spherical shape and it is difficult to create soft templates with high 

size uniformity. The template-free method takes advantage of the Kirkendall effect,63 

which forms pores due to the difference in diffusion rates between two components in 
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a diffusion couple. The template-free method typically requires the least number of 

steps, but also has the least number of synthetic variables that can be controlled. The 

hard-template method has been used, as well as the microwave irradiation, for the 

synthesis of CdS nanobubbles.  

 

 

1.4. Nanoreactor Confinement Effect 

 As previously mentioned, the chemical reactivity of NPs may be modified 

by their size and shape.  The catalytic activities of NPs have been reported to 

change immensely with changes in shape of the NPs. Extensive studies64 on 

colloidal metallic nanocatalysts with different shapes show that NPs with sharp 

edges, sharp corners, or rough surfaces due to an increase in the number of 

surface atoms that are not fully coordinated, which are more reactive towards 

catalysis. Examples include multiarmed Pt nanostars65 and multioctahedral Pt 

nanocrystals.66 

 Another shape that is known to largely enhance catalytic efficiency is 

hollow nanostructures. A portion of this enhancement is owed to the dramatic 

increase in the surface-to-volume ratio; the volume is decreased and the surface 

area is increased for a hollow NP in comparison to its counter filled solid NP. 

However, hollow-structured nanocatalysts have been found to possess another 
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form of enhancement besides that caused by an increased surface-to-volume 

ratio. This enhancement is referred to as the nanoreactor confinement effect, or 

the nanocage effect. 

 Experiments by Mahmoud67 et al. have indicated that photocatalysis in 

highly photocatalytic Pd and Pt hollow nanocubes occurs in the inner cavities of 

the hollow structures. Kwak68 et al. have shown that filled Pt core@shell 

nanospheres require a higher activation energy in comparison to the 

corresponding hollow Pt nanospheres. These findings lead to suggest that the 

inner surfaces have active sites which are more catalytically active than those on 

the outer surfaces. This may occur due to the inner surface being not as well 

capped as the outer surfaces. Otherwise, the cage-like structure of the 

nanoreactor may increase the steady-state concentration of the species involved 

in the rate-determining step. Build-up of these intermediate species within the 

nanocavity may speed up the catalytic process.69 The CdS nanobubbles studied 

in this thesis also exhibit the nanocage effect (see Chapter 3).  
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Chapter 2. Direct Observation of Valence Band Splitting 

Using Room Temperature Photoluminescence of CdS Hollow 

Submicrospheres† 

  
† This is reproduced from Younshin Kim and Du-Jeon Jang, Chem. Commun. 2013, 

49, 8940-8942. © 2013 Royal Society of Chemistry. 
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2. 1. Abstract 

 The room-temperature photoluminescence spectra of CdS hollow 

submicrospheres prepared via employing silica hard templates and microwave 

irradiation present a profound insight on the quantum confinement-induced splitting of 

electron and hole states in the valence band. CdS hollow spheres with diameters within 

the submicrometer range with a very thin average shell thickness within the quantum 

confinement range have been studied. The nanocrystallite sizes calculated with data 

from HRXRD and absorption band edges fall within the strong confinement range, 

resulting in valence band splitting. The direct observation of this phenomenon at room 

temperature via photoluminescence has been interpreted by comparison to previous 

theoretical studies. The intensities of the observed 4 transitions match very well with 

literature values, but there has been a slight discrepancy regarding the magnitudes of 

the splittings. The lowest-energy bands have shown the highest sensitivity to 

nanoparticle size. The relative electron/hole state populations estimated by considering 

oscillator strengths of transitions have led to suggest that electron relaxation occurs 

faster than hole relaxation. 
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2.2.  Introduction 

 With the exponential growth of interest in the field of nanochemistry, it has 

become increasingly important to characterize the optical and electronic properties of 

nanoparticles (NPs) as precisely as possible.1-3 To the current day, many theoretical 

calculations based on the effective mass approximation (EMA) and the tight-binding 

theory have been carried out to predict the exact electronic structure of NPs.4,5 Recent 

computational investigations have been expanded to involve the Stokes shift of 

extremely small NPs, the role of strain for heterostructures, and the spin dynamics 

associated with valence-band mixing parameters.6-9 In support of this research, 

strenuous efforts have been taken in an attempt to observe the valence-band mixing 

phenomenon experimentally, yielding very unreliable minor results only.10-12 In this 

chapter, the direct observation of the split degeneracy of hole states is reported and 

further interpreted to provide information on the electronic structure and relaxation of 

CdS hollow submicrospheres. 

 For II-VI semiconductor nanomaterials in general, the conduction band 

predominantly resembles the s-orbitals of the metal cation and that the valence band 

resembles the p-orbitals of the anion. As spin-orbit interactions are taken into 

consideration for the cubic nanostructures, the 6-fold degenerate valence band is split 

with the split-off energy of ΔSO into two different bands: 4- and  2-fold degenerate 

bands corresponding to J = 3/2 and 1/2, respectively. The degeneracies of these two 

bands will not be lifted unless NPs experience strong anisotropic effects and/or are 

within the strong confinement regime of ~2 exciton Bohr radii.13 When strong 
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confinement-induced valence-band mixing occurs, the degeneracy is further lifted and 

the hole wavefunctions become linear combinations of the different valence-band 

states with the mixed s-d-type symmetry. 

 CdS has recently shown much interest in displays, solar cells, and optoelectronic 

devices due to its unique photophysical and photochemical properties.14-16 CdS NPs 

not only have been experimentally studied largely, but also have been one of the most 

extensively computationally studied semiconductors, along with CdSe, for the 

investigation of the effects of valence-band mixing due to its relatively small band gap 

and small split-off energy.17-19 Due to distinct characteristics specified by tunable 

features such as shell thickness and interior cavity size, hollow structures are gaining 

current interest for potential applications as chemical reactors, drug-delivery carriers, 

energy-storage devices, and efficient catalysts.20-23 In this work, a facile silica hard-

template method with the aid of microwave irradiation has been developed for the 

production of CdS hollow submicrostructures. 

 

 

2.3. Experimental Section 

 2.3.1. Materials. Tetraethyl orthosilicate(l, >98%, TEOS) and ammonia(aq, 25%) 

were purchased from MERCK-Schuchardt; (3-aminopropyl)triethoxysilane(l, >98%, 

APTES), CdCl2(s, tech grade) and Na2S·9H2O (s, >99.99%) were purchased from 

Sigma-Aldrich; 50% HF(aq) was purchased from J.T.Baker and diluted with water to 
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make 1% HF(aq); and glycerol(l, >99.0%) and ethanol(l, >99.0%) were purchased 

from Daejung Chemicals. Ultrapure deionized water (>17 MΩ cm) from a Millipore 

Milli-Q system was used throughout the experiments.  Hard template silica 

submicrospheres were initially prepared by mixing 0.520 mL (2.35 mmol) TEOS and 

0.313 mL (4.19 mmol, for H1) or 1.253 mL (16.7 mmol, for H2) ammonia(aq) in 8.33 

mL ethanol and 3.00 mL  water and stirring for 1.5 h; the relative sizes for the silica 

templates for H1 and H2 were controlled by adjusting the added amount of 25% 

ammonia(aq). To functionalize the surface of the silica submicrospheres, an excess 

amount of 1.94 mL (8.33 mmol) APTES was added to the sample and the mixture was 

further stirred for another 2 h. 159 mg (0.867 mmol) CdCl2 was added as the cadmium 

source and stirred for 15 h at 60 °C. After centrifugation, half of the cadmium-attached 

silica spheres were redispersed in a mixture of 10.0 mL H2O and 10.0 mL glycerol, 

and 104 g (0.433 mmol) Na2S was added as the sulfur source. After stirring for 1 h, the 

mixture was put under microwave irradiation for 10 min with stirring every 20 s. After 

centrifugation, the resulting SiO2@CdS core@shell structures were redispersed in 8.0 

mL ethanol, submerged in 72 mL of 1% HF(aq) for 2 min, quickly diluted with water, 

and then centrifuged. 

 2.3.2. Characterization. Energy-filtered transmission electron microscopy 

(EFTEM) images were obtained with a Carl Zeiss LIBRA 120 microscope and the 

high-resolution transmission electron microscopy (HRTEM) image with a Tecnai F20 

one. High-resolution x-ray diffraction (HRXRD) patterns were recorded using a 

Bruker D8 DISCOVER diffractometer with Cu Kα radiation (λ = 0.154178 nm).  

Extinction spectra were measured by using a Scinco S-3100 UV/vis spectrometer, and 
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photoluminescence (PL) spectra were obtained with a Princeton Instruments 

ICCD579G CCD detector attached to an Acton Research Spectrapro-500 spectrometer 

having a path length of 50 cm with excitation of 355 nm pulses having a duration time 

of 6 ns from a Quantel Brilliant Q-switched Nd:YAG laser. 

 

 

2.4. Results and Discussion 

 By adjusting the sizes of silica hard templates, we have controlled the diameters 

of CdS hollow spheres easily. Two batches of different sizes were synthesized: one 

with an average outer diameter of 300 ± 25 nm and an average shell thickness of 11 ± 

2 nm, and the other with an average outer diameter of 399 ± 8 nm and a typical shell 

thickness of 11 ± 1 nm (Figure 2-S1 in section 2.7). The former will now be referred to 

as H1 and the latter as H2 from this point on. In Figure 2-1, the EFTEM images of H1 

and H2 show the overall clear-cut spherical hollow shape, and the HRTEM image of 

H2 clearly shows diffraction fringe patterns having quasispherical crystallite shapes of 

about 6.2 nm in average diameter with a lattice spacing of 0.336 nm that agrees very 

well with the standard spacing of 0.336 nm between the (111) lattice planes of the 

cubic zinc blende crystal lattice (JPCDS Card No. 04-008-8227). The cubic 

crystallinity of the CdS hollow submicrospheres is also confirmed by HRXRD data 

(Figure 2-S2 in section 2.7). The average crystallite sizes using the large HRXRD line 
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broadening at 2θ of 26.5° and the Scherrer equation24 have been estimated to be 3.4 ± 

0.1 nm for H1 and 3.6 ± 0.2 nm for H2.  

 

 

Figure 2-1. EFTEM images of CdS hollow submicrospheres H1 (a) and H2 (b) and 

HRTEM image of H2 (c), with the darkly shaded region representing the shell width. 

Each thin shell consists of CdS nanocrystallites as marked by dashed circles. 

 

 

 The modified Kubelka-Munk function states that (αhν)2 = A(hν – Eg),
25 where α 

is the absorption coefficient, A is a constant, and Eg is the band-gap energy. The 

extinction spectra of both samples were taken, and the subsequent (αhν)2 plots vs. hν 

have revealed the band-gap energies of 2.62 ± 0.04 eV for H1 and 2.58 ± 0.02 eV for 

H2 (Figure 2-2). The band-gap energies of the hollow submicrospheres are clearly 

larger than that of bulk CdS (2.42 eV), proving that the crystallites are indeed within 

the quantum confinement regime. Using the Brus equation26,27 for CdS NPs, we have 
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estimated the average diameters of the crystallites as 4.8 ± 1.0 nm for H1 and 5.2 ± 0.7 

nm for H2. The differences in the size estimates from HRTEM, HRXRD, and 

extinction spectroscopy may arise from a number of factors; (1) only a very small 

number of crystallites has been employed in HRTEM, (2) the Scherrer equation 

assumes that all XRD broadening effects originate from size effects, (3) hidden 

hexagonal peaks in the HRXRD spectra may make the cubic peaks broader, and (4) 

the Brus equation doesn’t account for the Stokes shift of extremely small NPs. 

Nevertheless, the radii of the CdS crystallites in both H1 and H2 would be less than 

twice the exciton Bohr radius of ~3 nm for CdS27 in all cases, CdS crystallites in both 

samples are within the strong confinement regime, and valence-band mixing can be 

predicted for both samples. 

 

 

Figure 2-2. Extinction spectra of CdS hollow spheres H1 and H2 (a). (αhν)2 plots 

against hν after removal of scattering (c/λ4, where c is an arbitrary constant) from the 

extinction spectra to obtain the band gaps of H1 (b) and H2 (c). The intercept of a 

dashed line corresponds to the actual CdS band gap while that of a dotted line 

corresponds to the energy gap created by sulfur-vacancy defects. 
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 The dotted intercepts in the (αhν)2 plots vs. hν of Figure 2-2 can be  assigned to 

energy gaps between the valence bands and possible surface states created by sulfur-

vacancy defects. The surface-state band-gap energies of 2.20 ± 0.03 eV for H1 and 

2.26 ± 0.02 eV for H2 obtained from the extinction spectra agree very well with the 

well-known sulfur-vacancy energy gap of 2.2 eV.28 This transition is also visible as a 

weak broad shoulder band that has not been fitted in the PL spectra of CdS hollow 

submicrospheres (see below). 

 

 

Figure 2-3. PL spectra of H1 (a) and H2 (b) suspended in ethanol with excitation at 

355 nm. The solid lines correspond to the deconvoluted Gaussian curves and the 

integrals of Gaussian-fitted curves are shown relatively as vertical lines at the bottom. 

The exact locations and integrals of the fitted curves are outlined in Table 2-1, and the 

associated transitions are described in a band-energy diagram (c). 
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 Each PL spectrum, with excitation at 3.493 eV, of both H1 and H2 has been 

fitted into four distinct Gaussian curves, which have been assigned to four 

theoretically reported29 transitions: 1se → 1S3/2, 1se → 1S1/2, 1pe → 1P3/2, and 1pe → 

1P1/2 (Figure 2-3; Table 2-1). Because the maxima of three of the four curves lie above 

the band-gap energy calculated from the extinction spectrum, it can be understood that 

the peaks do not originate from defect sites or surface states. Three of the four 

transitions for H1 energetically correspond very well within 2 meV to the respective 

ones for H2, but the transition energy of 1se → 1S3/2 in H1 is lower by 41 meV than 

that in H2. This suggests that the energy of the 1S3/2 hole state in the valence band is 

affected most significantly by size changes. 

 

Table 2-1. Peak positions and integrated intensity values of the fitted Gaussian curves 

in Figure 2-3. 

 H1    H2   

Transitions Position (eV) Intensity (a.u.)  Position (eV) Intensity (a.u.)  

1se→1S3/2 2.505 ± 0.151a 1.00 2.546 ± 0.143a 1.00 
1se→1S1/2 2.698 ± 0.064 0.22 2.700 ± 0.062 0.26 
1pe→1P3/2 2.860 ± 0.073 0.50 2.861 ± 0.073 0.62 
1pe→1P1/2 3.034 ± 0.056 0.22 3.034 ± 0.054 0.24 
 a The Stokes shift of H1 is 115 meV while that of H2 is 34 meV. The large difference in magnitudes of 

the Stokes shift between two samples arises from differences in nanocrystallite sizes and nanocrystallite 

size distributions. 

 

 

 In interpretation of the PL spectra, it is assumed that the inhomogeneous 

Gaussian broadening caused by the size distribution is the dominant source of 

broadening in comparison to very small Lorentzian broadening created by light 
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polarization due to the random orientation of NPs in space.5 Because the band gap of 

semiconductor NPs is extremely sensitive to size, most quantum dots (QDs) in the 

literature exhibit broad emission bands with an average half width at the half 

maximum (HWHM) of greater than 200 meV, corresponding to a standard deviation 

of 170 meV.14-16 In our spectra, it is noticeable that only the 1se → 1S3/2 transition 

exhibits HWHM of 180  (H1) and 170 meV (H2) that agree well with the average 

broadening of QDs although HWHM of  the three others (~80 meV) are significantly 

smaller. The fact that a line width reflects the spread of an energy level suggests that 

the hole state of 1S3/2 involved in the 1se → 1S3/2 transition is energetically affected 

most sensitively by the size distribution. The greater sensitivity of the 1S3/2 hole state 

to size is believed to be correlated to the general idea that energetically lower hole 

states are more sensitive to size.  

 The relative integrals of the fitted curves also confirm the respective assignment 

of the transitions, as the intensity of a transition contains information on the 

populations of the initial and the final states as well as on the oscillator strength of the 

transition. The integrated intensities of the 1se → 1S3/2 and 1pe → 1P3/2 peaks are 

respectively about 4 and 2 times larger than those of the 1se → 1S1/2 and 1pe → 1P1/2 

peaks. This indicates that the number of holes in 1L3/2, where L is S or P, recombining 

with electrons in the conduction band is much larger than that in 1L1/2. When the 

relative intensities of two absorption transitions with a common upper state are known, 

the relative intensities of their two corresponding PL transitions may be used to 

estimate the relative hole population of 1L1/2 to 1L3/2. Likewise, the relative intensities 

of PL transitions with a common lower state can depict the relative electron population 
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of 1pe to 1se, assuming that hole states with the same J quantum number will have 

roughly the same population. By normalizing the intensity ratio of two transitions with 

a common state in our PL spectra to the theoretically predicted ratio of the two 

corresponding transitions in absorption spectra,29 the relative electron population of 

1pe to 1se (   
   

⁄ ) and the relative hole population of 1L1/2 to 1L3/2 (   ⁄    ⁄⁄ ) have 

been calculated and summarized in Table 2-2. Despite calculating    
   

⁄  separately 

using transitions to different J values,    
   

⁄  can be approximated to a constant 

value of 0.5. Similarly, using transitions from different electron states,    ⁄    ⁄⁄  was 

also approximated to 0.7. Both values are consistently less than 1, confirming that 

higher energy states have a lower population in comparison to lower energy states. 

Also, the fact that    ⁄    ⁄⁄  is greater than    
   

⁄  presents the idea that electron 

relaxation in CdS hollow submicrospheres dispersed in ethanol occurs relatively faster 

than hole relaxation. It is noteworthy that although PL at the band edge of CdS NPs 

decays within several picoseconds,30 hole lifetimes have been reported to increase up 

to several nanoseconds in closely spaced QD structures.31 

 Although the calculated intensities of ref. 29 show the practical proof of the good 

assignment of our PL peaks, it should be realized that there is quite a large discrepancy 

regarding the magnitude of splitting as compared to the literature. Díaz et al. claim that 

the largest calculated energy gap between the 1S3/2 and 1S1/2 hole states is 132 meV,29 

whereas our experimental results show a splitting of 193 (H1) and 154 meV (H2). 

Several other resources also predict smaller splitting, but it is a widely accepted fact 

that the band splitting is very sensitive to EMA Luttinger parameters, which for CdS 
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are still ambiguous.29 The parameters may fail to incorporate the effects of the 

particular structure of CdS hollow submicrospheres and the effects of the close contact 

of the nanocrystallites comprising the hollow spheres. In fact, the experimental data 

obtained by Samokhvalov et al. show a splitting of ~200 meV, more similar to our 

results.11 It is believed that the particular structure of our CdS hollow spheres allows 

for these transitions to be seen. As the silica core is etched out, it is expected that some 

of the silica particles remain to protect CdS NPs from aggregating and also to obstruct 

the relaxation pathways of excited electrons and holes. 

 

Table 2-2. Relative electron population of 1pe to 1se (   
   

⁄ )a and relative hole 

population of 1L1/2 to 1L3/2 (   ⁄    ⁄⁄ ).b 

    
   

⁄      ⁄    ⁄⁄    

Sample 1L3/2
c 1L1/2

c 
 1se

d 1pe
d 

 

H1 0.48 0.49 0.69 0.71 
H2 0.60 0.48 0.81 0.65 
a Calculated by normalizing the relative transition strength of 1pe and 1se to a common lower state with 

the theoretical15 relative absorption strength of the common lower state to the corresponding upper states. 
b Calculated by normalizing the relative transition strength of 1L1/2 and 1L3/2 from a common upper state 

with the theoretical15 relative absorption strength of the corresponding lower states to the common upper 

state, where L is S or P.  c Common lower state.  d Common upper state. 
 

 

 

2.5. Conclusion 

 CdS hollow spheres of submicrometer size with a very thin average shell 

thickness of 11 nm was successfully synthesized via employing silica hard templates 
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and microwave irradiation. Despite the large overall size, the hollow structures showed 

‘nano’ characteristics distinctively. Confinement-induced valence-band mixing was 

directly observed through PL spectra for the first time without using complex 

spectroscopic techniques at non-delicate conditions. 
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Figure 2-S1.  Histograms showing to the outer diameters (left) and the shell 

thicknesses (right) of CdS hollow submicrospheres H1 (top) and H2 (bottom). H1 

showed an average diameter of 300 ± 25 nm (a) and an average shell thickness of 11 ± 

2 nm (b) while H2 showed an average diameter of 399 ± 8 nm (c) and an average shell 

thickness of 11 ± 1 nm (d). 
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Figure 2-S2. HRXRD spectra of H1 (red) and H2 (green) revealing the cubic zinc 

blende crystal lattice (reference shown at the bottom, JPCDS Card No. 04-008-8227). 
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Chapter 3. Facile Microwave Fabrication of CdS Nanobubbles 

with Highly Efficient Photocatalytic Performances 
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3. 1. Abstract 

A new fabrication method of CdS nanobubbles with high photocatalytic activity 

has been explored under ambient conditions using SiO2 hard templates and microwave 

irradiation. The one-step Stöber method has been used to produce SiO2 core 

nanospheres, onto which CdS shells have been readily and efficiently coated by 10 

min microwave irradiation. The acid etching of the SiO2 cores has produced 

monodispersive CdS nanobubbles with outer diameters of 300, 370, and 400 nm with a 

uniform shell thickness of 11 nm. The CdS nanobubbles have been found to 

photocatalyze the degradation of rhodamine B efficiently under Xe-lamp irradiation 

via simultaneous reaction pathways of N-deethylation and conjugated-ring attack. It 

has been found that the degradation rate increases linearly with the concentration 

increase of the nanocatalyst but decreases nonlinearly with increasing nanobubble 

diameters. The pseudo-first-order degradation rate constant via the nanobubbles (0.081 

min-1) was found to be about 20 times larger than that via the SiO2@CdS core@shell 

nanocomposites (0.0044 min-1) due to nanoreactor confinement effect leading to 

decrease in the activation energy of the reaction.   
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3.2. Introduction 

With the continuous depletion of conventional energy resources, conversion of 

light energy into chemical, mechanical, and electrical energy has become a rising 

interest in the movement for environmental sustainability and green chemistry.1 In 

particular, nanomaterials have become increasingly popular for use as photocatalysts 

in a variety of applications such as water splitting,2-3 CO2 reduction,4 and syntheses.5 

Among the diversity of applications, the photocatalytic degradation of organic 

contaminants is a powerful solution to wastewater treatment due to a lack of waste-

disposal problems, low cost, and the simplicity of the whole system.6 The 

decomposition of organic dyes is also used to model the photocatalytic activity of 

photocatalysts in general.7-10  

In semiconductor-mediated degradation of non-biodegradable organic materials, 

photocatalysis usually occurs through two different pathways: (1) direct 

semiconductor photocatalysis where the semiconductor is photoexcited and (2) 

indirect semiconductor photocatalysis where the substrate or dye is photoexcited.11-13 

For the pathway 1, an electron is promoted from the valence band to the conduction 

band when the radiation energy supplied onto the semiconductor is higher than the 

band gap, resulting in an electron-hole pair. When this photoexcited state of the 

semiconductor is prolonged long enough, the excited electron and hole are able to 

migrate to the surface of the semiconductor to facilitate redox reactions, forming very 

strong oxidants: the superoxide radical (O2·
-), the hydroperoxyl radical (HO2·), and the 

hydroxyl radical (OH·).14 For the pathway 2, light absorption facilitates the excitation 
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of the dye or substrate into an excited state with a reduction potential negative enough 

for electron injection into the conduction band of the semiconductor. Often, this 

separation of charges allows for the electron to proceed to reduce oxygen molecules 

into reactive superoxide radicals. All of the aforementioned reactive oxygen species 

are able to degrade a variety of pollutants readily into environmentally benign and 

simple molecules. 

Although TiO2 is generally the popular choice of materials for photocatalysis, it 

has an indirect large band gap of 3.0~3.215 eV within the ultraviolet (UV) range, which 

tolerates a maximum of only 4% of solar radiation energy. On the other hand, CdS has 

a direct band gap of 2.42 eV16 that allows for the high absorption of both UV and 

visible light, which contributes to about 43% of solar radiation energy.17 Due to these 

advantages, CdS has been gaining popularity as a photocatalyst for a variety of 

reactions. Zhang et al. have recently synthesized CdS sheets for the selective activation 

of saturated sp3 C-H bonds under ambient conditions,18 Chen et al. have reported the 

self-assembly of CdS-nanospheres/graphene hybrid nanocomposites for selective 

nitro-organic reduction,5 and Li et al. have synthesized CdS clusters-decorated 

graphene sheets for efficient H2 production.17  

The shape of a nanophotocatalyst also plays a big role on its photocatalytic 

performance. It has been reported that solid metallic catalysts with sharp tips or hollow 

structures reveal a large enhancement in their catalytic activity.19 In particular, 

extended studies19-21 have shown that besides the enhancement due to an increased 

surface-to-volume ratio, additional enhancement effects occur for hollow structures. 

The nanoreactor confinement effect, otherwise known as the nanocage effect, occurs 
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due to two main factors: increase in the concentration of the reaction intermediate 

within the cavity of the hollow nanocatalyst and possibility of catalytically more-

active sites within the inner surface of the hollow nanocatalyst.19 A variety of 

researches on hollow nanostructures have been reported recently: photocatalytic 

CdSnO3·3H2O hollow-nanocuboids have been synthesized by a template-free 

microwave hydrothermal method for the mineralization of gaseous benzene,8 

mesoporous TiO2 hollow shells have been used to degrade organic dyes,22 and 

platinum nanobubbles have been shown to enhance catalytic degradation performances 

due to the nanoreactor confinement effect.23  

 

 

Figure 3-1. Schematic for the synthesis of a CdS nanobubble via a hard-template 

method with the assistance of microwave irradiation.  

 

 

In this present work, a new fabrication method of CdS hollow structures via 

microwave irradiation has been explored, resulting in well-defined discrete 

nanobubble structures with diameters ranging in the submicrometer scale but with a 
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shell thickness within the quantum confinement range (Figure 3-1). The 

straightforward conventional hard-template method used in our experiments involves 

five major steps: (1) preparation of SiO2 hard templates, (2) their surface 

functionalization, (3) coating of the templates with designated precursors, (4) 

microwave treatment for CdS crystallization, and (5) selective removal of the initial 

hard templates. Microwave irradiation allows for the quick homogeneous formation of 

a thin crystalline CdS shell around a SiO2 template core within just 10 minutes while 

as the hydrothermal method would require hours in an autoclave.24 Because silica 

nanospheres with well-known synthetic processes have a narrow size distribution and 

good availability, they have been used as templates to fabricate three different batches 

of CdS nanobubbles with varying diameters. These CdS nanobubbles have been found 

to photocatalyze the degradation of rhodamine B (RhB) with remarkable efficiency in 

comparison to SiO2@CdS core@shell nanocomposites and other reported CdS 

photocatalysts due to nanoreactor confinement effects. 

 

 

3.3.  Experimental Section 

3.3.1. Materials. Chemicals were used as received: tetraethyl orthosilicate 

(TEOS, l, >98%), (3-aminopropyl)triethoxysilane (APTES, l, >98%), CdCl2(s, tech 

grade), and Na2S·9H2O(s, >99.99%) from Sigma-Aldrich; ammonia(aq, 25%) from 

MERCK-Schuchardt; RhB(s) from Wako Pure Chemical; 50% HF(aq) from J.T.Baker; 
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and glycerol(l, >99.0%) and ethanol(l, >99.0%) from Daejung Chemicals. Ultrapure 

deionized water (>17 MΩ cm) from a Millipore Milli-Q system was used throughout 

the experiments. 

3.3.2. Preparation of CdS Nanobubbles. All synthetic processes of CdS 

nanobubbles were carried out under ambient conditions. Hard-templates of silica 

nanospheres were initially prepared following the Stöber method,25 in which the 

relative sizes of the silica templates were controlled by adjusting the added amount of 

25% ammonia(aq). A mixture of TEOS (0.26 mL), 25% ammonia(aq) (0.16 mL for 

B300, 0.31 mL for B370, and 0.63 mL for B400), ethanol (4.17 mL), and water (1.50 

mL) was stirred for 1.5 h. To functionalize the surface of the silica nanospheres with 

amino groups, an excess amount of APTES (0.98 mL) was added to the sample and 

the mixture was further stirred for another 2 h. CdCl2 (80 mg) was added as the 

cadmium source and stirred for 15 h at 60 °C for the coordination of Cd2+ cations onto 

the amino-functionalized silica nanosphere surface. After centrifugation at 10,000 rpm 

for 10 min, the cadmium-attached silica nanospheres were redispersed in a mixture of 

H2O (10.0 mL), glycerol (10.0 mL), and Na2S (104 mg). After being stirred for 1 h, the 

mixture contained in a 50 mL vial was subject to irradiation by a Samsung HV-

367AWJ microwave system (2.45 GHz, 300 W) for 10 min, by repeating sets of 

irradiation (20 s) followed by stirring outside the microwave system (15 s) for 30 times. 

The solution was cooled (~5 min) before repeatedly centrifuging and washing with a 

1:1 mixture of water and ethanol for three times. The resulting SiO2@CdS core@shell 

structures were resuspended in ethanol (8.0 mL). A 2 mL portion of this dispersion 
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was submerged in 18 mL of 1% HF(aq) for 2 min, and it was repeatedly centrifuged 

and washed with water and ethanol for 3 times.  

3.3.3. Characterization. Low-resolution transmission electron microscopic 

(TEM) images were obtained by an energy-filtered microscope (Carl Zeiss, LIBRA 

120) while high-resolution TEM (HRTEM) images, fast Fourier transform (FFT) 

patterns, and energy-dispersive X-ray (EDX) elemental profiles and mappings were 

obtained by a high-resolution microscope (FEI, Tecnai F20) equipped with an EDX 

spectroscope. High-resolution X-ray diffraction (HRXRD) patterns were recorded 

using a diffractometer (Bruker, D8 DISCOVER, Cu Kα radiation, λ = 0.154178 nm) in 

a 2θ range from 20° to 70°. X-ray photoelectron spectroscopic (XPS) data were 

obtained using with a photoelectron spectrometer (KRATOS, AXIS-HSi) with a 150 

W Mg anode with a scan step of 0.1 eV. Extinction spectra were measured by using a 

UV/vis spectrometer (Scinco, S-3100), and photoluminescence (PL) spectra were 

obtained with a CCD (Princeton Instruments, ICCD579G) attached to a 0.5 m 

spectrometer (Acton Research, Spectrapro-500) with excitation of 355 nm pulses 

having a duration time of 6 ns from a Q-switched Nd:YAG laser (Quantel, Brilliant). 

3.3.4. Photocatalytic Experiments. All the experiments were carried out in 10 

mm x 10 mm plastic cuvettes (Kartell, PMMA UV grade) under ambient conditions. 

An aqueous suspension of 1.5 mL containing a nanocatalyst (0.10 g L-1) and RhB 

(1x10-5 M) was magnetically stirred in the dark for 1 h to ensure the adsorption-

desorption equilibrium of RhB on the nanocatalyst surface. The mixture was placed 20 

cm away from a 300 W Xe arc lamp (Schoeffel, LPS 255 HR), with the light beam to 

cover the entire face of the solution directly facing the light source, and magnetically 
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stirred during irradiation for a specific period; the light irradiance was fixed at 63 mW 

cm-2. The irradiated reaction mixture was centrifuged (10000 rpm, 10 min) to separate 

the supernatant, whose UV/vis absorption spectrum was then measured to monitor the 

concentration of remnant RhB. 

 

 

3.4.  Results and Discussion 

 

Figure 3-2. TEM images for the silica nanosphere templates of T300 (a), T370 (b), 

and T400 (c) and the corresponding CdS nanobubbles of B300 (d), B370 (e), and B400 

(f). Each scale bar indicates 200 nm. 
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3.4.1. Microscopic Characterization. By controlling the amount of the base 

catalyst of the Stöber method,25 the diameters of the hard-template silica nanosphere 

have been well-controlled. As shown in Figure 3-2, spherical silica hard templates of 

T300, T370, and T400 having average diameters of 270 ± 20, 330 ± 10, and 350 ± 10 

nm, respectively, have been used to fabricate the corresponding CdS nanobubbles of 

B300, B370, and B400 having average outer diameters of 300 ± 20, 370 ± 10, and 400 

± 10 nm, respectively; the shells of all the CdS nanobubbles have a uniform thickness 

(l) of 11 ± 2 nm. The inner radii of the CdS nanobubbles are about 6% larger than the 

radii of the corresponding templates on average due to the surface treatment of the 

templates with APTES (Figure 3-1). The contrast between the brighter inner cores and 

the well-defined dark circular outlines clearly indicates that the CdS nanobubbles are 

structurally hollow indeed. Comparison of the TEM images of the nanobubbles with 

the respective ones of SiO2@CdS core@shell nanocomposite structures of C300, C370, 

and C400 (Figure 3-S1 in section 3.7), from which B300, B370, and B400, 

respectively, have been produced, also indicates that the core templates have been 

completely etched out in the nanobubbles. Although it is difficult to distinguish the 

core@shell structure, the darker outline of the denser CdS shell can be noticed with 

careful examination.  

The HRTEM image of Figure 3-3a shows better-defined shapes of B370 CdS 

nanobubbles. The shells are not entirely smooth in nature, but comprise of small CdS 

nanoparticles aggregated together to form the nanobubbles. However, the smooth 

shaded parts between the nanobubbles are due to remnant silica nanoparticles that have 

been etched out by HF but aggregated again (see below). As CdS is known for its  
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Figure 3-3. HRTEM images of CdS nanobubbles B370 at lower (a) and higher (b) 

magnification. The inset in b shows the FFT pattern of the selected area. 

 

 

instability in water,6 these remaining silica nanoclusters may actually play a role in the 

stability of the CdS nanobubbles, protecting them from aggregation. Figure 3-3b 

shows a HRTEM image with higher magnification, depicting the high crystallinity of a 

CdS nanobubble. The diffraction fringe patterns show d-spacings of 0.336 nm and 

0.206 nm that correspond precisely to the standard spacings of 0.336 nm and 0.206 nm 

between the (111) and (220) lattice planes, respectively, of the cubic zinc blende 

crystal lattice of CdS (JPCDS Card No. 04-008-8227). The d-spacings of 0.336 nm 
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and 0.291 nm measured from the FFT pattern in the inset of Figure 3-3b correspond to 

the standard spacing between the (111) and (200) lattice planes, respectively, of the 

reference cubic CdS. The ring-like FFT pattern portrays polycrystallinity in the 

nanobubble. The magnified HRTEM images and the FFT patterns of B300 and B400 

(Figure 3-S2 in section 3.7) also show that CdS nanobubbles have the cubic zinc 

blende crystal structure. 

 

 

Figure 3-4. Area-normalized EDX elemental profiles of C300 (a) and B370 (b) 

scanned along the lines in the HAADF images of the insets; symbols indicate 

experimental data while lines represent theoretical fittings. Elemental mapping profiles 

of Cd, S, Si, and O for C300 (c) and B370 (d).  
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The EDX line-scanned elemental profiles of C300 and B370 have been examined 

to verify the exact structures and compositions of a SiO2@CdS nanocomposite and a 

CdS nanobubble, respectively (Figure 3-4a,b). The intensity profiles of Cd and S for 

both C300 and B370 exhibit two characteristic sharp peaks representing the dense 

edges of nanoshells. The shapes of the intensity profiles for Si and O in the 

nanocomposite are drastically different from the respective ones in the nanobubble. 

The line-scanned elemental intensity profiles have been theoretically fitted by 

equations derived simply from core@shell and hollow spheres. The shape of Si and O 

for C300 was fitted to a circle with d = 259 nm, suggesting that the silica core exists in 

a spherical shape. The fitting of Cd and S for C300 has represented a CdS shell with a 

shell thickness of 11 nm and an outer diameter of 281 nm. Similarly, the intensity 

profiles of Cd and S for B370 were fitted to a theoretical CdS nanobubble with a shell 

thickness of 15 nm and an outer diameter of 382 nm. However, the shapes of the Si 

and O intensity profiles for B370 no longer match with the shape of a core or shell, 

revealing that the SiO2 particles of B370 exist in an irregular shape around the CdS 

shell. The silica intensity profile shows a pronounced decrease at positions where the 

two peaks of CdS exist, revealing that CdS and SiO2 are present as separate entities 

and that remnant silica particles are surrounding the CdS shell. The atomic ratios of Cd 

to S estimated from the EDX profiles is 1.4 for C300 and 1.3 for B370. Deviations 

from the theoretical ratio of 1 for CdS may arise from the binding of Cd with O atoms 

and/or sulfur vacancy defects in the CdS shell. It is also deduced that the etching 

process helps to purify CdS nanoshells. 



 

５８ 
 

The Cd, S, Si, and O elemental mapping profiles of Figure 3-4c,d have also been 

compared to understand the structures of C300 and B370. The Cd and S elemental 

maps for both C300 and B370 show a defined line in the shape of a circle with lower 

intensities inside the circle, representing a hollow nanoshell. However, the elemental 

maps of Si and O are distinctly different for the two samples; the elemental maps for 

C300 show brightly filled circles with radii smaller than those of the Cd and S 

elemental maps while the elemental maps of Si and O for B370 show outlines of 

circles similar to those of Cd and S, but with wider diameters and greater thicknesses. 

This suggests again that some of silica dissolved during the HF etching process has 

been precipitated along the inner and outer surfaces of the CdS shell. 

3.4.2. Further Characterization. The HRXRD spectra of Figure 3-5 also 

confirm the cubic crystallinity of CdS nanobubbles B300, B370, and B400. Using the  

 

 

Figure 3-5. HRXRD spectra of CdS nanostructures B300 (a), B370 (b), and B400 (c), 

revealing the (111), (220), and (311) lattice planes of the cubic zinc blende CdS crystal 

structure (reference shown at the bottom, JPCDS Card No. 04-008-8227).  
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Scherrer equation26 and assuming that peak broadening arises entirely from size effects, 

we have calculated the average crystallite sizes: 3.4 ± 0.1 nm (B300), 3.4 ± 0.2 nm 

(B370), and 3.6 ± 0.2 nm (B400). The small and uniform crystallite sizes also indicate 

that our CdS nanobubbles have good crystallinity. 

 

 

Figure 3-6. Complete survey (a), Cd 3d (b), and S 2p (c) XPS spectra of CdS 

nanobubbles B370. The S 2p3/2 and 2p1/2 curves have been deconvoluted from 

Gaussian fitting. 

 

 

The XPS spectra of B370 provide further insight regarding the composition of 

CdS nanobubbles (Figure 3-6). Binding energies (EB) have been corrected for 

specimen charging by referencing the C 1s peak to 284.5 eV.27 The complete survey 

spectrum shows that besides Cd and S elements, the O element also exists noticeably. 
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O (EB(1s) = 532.1 eV) was detected from SiO2 (EB(O 1s) = 533.0 eV)28 particles 

remaining after etching and from O2 molecules adsorbed on the surface of the CdS 

nanobubbles. The peak energies of 404.7 eV (Cd 3p5/2) and 411.4 eV (Cd 3p3/2) 

correspond relatively well to the literature EB values of 405.0 eV and 411.7 eV,29-31 

respectively. The XPS spectrum of S 2p has been deconvoluted into two Gaussian 

bands with EB values of 161.1 eV (S 2p3/2) and 162.2 eV (S 2p1/2), which also 

correspond well with the respective literature values of 161.4 eV and 162.6 eV.29-31 

The Cd/S atomic ratio of 1.3 obtained from the XPS data agrees very well with that of 

1.3 from the EDX data of Figure 3-4. The Cd/S atomic ratio larger than 1, as well as 

the observed down-shifted EB values of Cd 3d and S 3p, is considered to suggest that 

the majority of defects in CdS nanobubbles are due to anion vacancies. 

The extinction and PL spectra of B370 in Figure 3-S3 in section 3.7 give us an 

interesting insight on the photophysical properties of CdS nanobubbles. CdS 

nanobubbles absorb a wide range of light, from UV to the visible, which is imperative 

for use as a photocatalyst. The extinction spectra of CdS nanobubbles have been used 

for modified Kubelka-Munk plots32 to determine the band-gap energies of 2.62 ± 0.04 

eV (B300), 2.60 ± 0.05 eV (B370), and 2.58 ± 0.02 eV (B400). Using the Brus 

equation33-34 and the band gaps, we have estimated the average crystallite sizes of 

individual samples: 4.8 ± 1.0 nm (B300), 5.0 ± 1.5 nm (B370), and 5.2 ± 0.7 nm 

(B400). The shoulder peak in the modified Kubelka-Munk plot of Figure 3-S3 has 

been assigned to the surface-state band gap created by the well-known sulfur vacancies 

(2.2 eV).35 Also, it is interesting to note that CdS nanobubbles exhibit a PL spectrum 
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with anti-Stokes shift as well as Stokes shift. This is due to quantum confinement-

induced valence-band splitting, which has already been reported in detail.36 

3.4.3. Formation Mechanism. CdS nanobubbles with a uniform shell thickness 

have been prepared successfully as shown in Figure 3-1. TEOS undergoes a sol-gel 

process in the presence of various amounts of base catalysts, forming silica template 

nanospheres with narrow size distributions. Thereafter, the hydroxyl groups on the 

surfaces of silica nanospheres have been treated with APTES to functionalize the 

surfaces with amino groups. It has been reported23 that the complete functionalization 

of the silica surfaces is a key factor for proper coating. Then, Cd2+ ions have been 

coordinated to the amino groups under stirring at 60 °C for 15 h to form an 

intermediate nanosphere with silica-supported nitrogenous cadmium complexes 

(SiO2–NH2–Cd2+). The Cd 3d5/2 peak (EB = 404.7 eV) in the XPS data of intermediate 

nanospheres (Figure 3-S4 in section 3.7) indicates that Cd is present neither as 

elemental Cd (EB = 405.0 eV)30, 37-38 nor as precursor CdCl2 (EB = 406.1 eV).30, 34 The 

XPS data also reveal that the Cd2+ cations have been coordinated to N atoms. The 

observed high EB(1s) value of N at 399.1 eV, compared with the EB(N 1s) of C2H5NH2 

at 398.4 eV,39 suggests that each N atom is also bound to a highly electronegative O 

atom. The observed Cd/N atomic ratio of 2.3 suggests that other ligands are also 

coordinated to Cd2+ cations. Although the complete survey spectrum indicates the 

presence of Cl, the observed atomic ratio of Cl/Cd is much smaller than 2. Although 

the EB(1s) value of O at 531.1 eV in Figure 3-S4 is greater than that for CdO at 528.6 

eV, it is smaller than that for SiO2 at 533.0 eV.40 This suggests that a significant 
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fraction of O atoms are also present at the surface of the intermediate nanospheres to 

form complexes with Cd2+ ions.  

The colloidal solution of intermediate nanospheres was subsequently centrifuged 

to dispose of any Cd2+ cations left in the solution, redispersed, and added with the 

sulfur source, Na2S. After being stirred at room temperature for 1 h, the solution was 

subject to microwave irradiation for 10 min; the color of the dispersion changed from a 

white color with a just tint of yellow to bright yellow. Microwave irradiation has 

allowed for the rapid homogeneous nucleation of CdS nanoparticles along the surfaces 

of silica template nanospheres. After centrifugation and redispersion, produced 

SiO2@CdS core@shell nanocomposites were etched with an excess amount of HF(aq) 

to remove the silica cores effectively via the stoichiometric reaction of SiO2(s) + 

4HF(aq) → SiF4(g) + 2H2O(l), although a small percentage of silica precipitated back 

onto the inner and outer surfaces of CdS nanobubbles during the washing process. 

Compared with a polystyrene template41 or template-free42 synthetic method of CdS 

hollow nanospheres, the above-mentioned preparation allows for greater control to 

result in highly uniform, well-defined hollow nanostructures with a very thin shell 

thickness. This fabrication has other advantages: it has very few steps, it provides 

control over the size of the nanobubbles, it is easily scalable, and it does not require an 

inert environment. It should be noted that although this method allows for very good 

control over size, CdS nanobubbles with diameters less than 50 nm were not able to be 

fabricated (Figure 3-S5 in section 3.7). Figure 3-S5b shows that complete CdS 

nanoshells were not produced on the surfaces of silica nanotemplates when the 

nanosphere sizes were too small. 
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3.4.4. Photocatalytic Performances.  The photocatalytic properties of CdS 

nanobubbles have been explored by monitoring the time-dependent absorbance 

changes of RhB under irradiation by a Xe lamp. RhB is a highly photostable dye 

consisting of a central xanthene ring connected to four N-ethyl groups, two on each 

side. The concentration of RhB in the solution at a specific time has been estimated by 

monitoring the optical density, A, at the literature wavelength43 of the RhB absorption 

maximum (554 nm). The initial RhB concentration, A0, is represented by the optical 

density at 554 nm of the RhB solution after the nanocatalysts have reached an 

adsorption-desorption equilibrium with RhB by being stirred in the dark for 1 h; RhB 

has been found to have low adsorption (< 1%) to any of the nanocatalysts mentioned 

in this work. 

 

 

Figure 3-7. Baseline-modified absorption spectra of 10 μM RhB solutions in the 

presence of light without catalysts (a), in the absence of light with 0.1 g L-1 B300 (b), 

with light and 0.1 g L-1 C300 (c), and with light and 0.1 g L-1 B300 (d), measured at 

elapsed times indicated in the units of min. 
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The initial control experiments of Figure 3-7 reveal that both light irradiation and 

photocatalysts are vital components to the degradation of RhB. Less than 4% of RhB 

was decomposed in 45 min when either of these components was missing, but more 

than 96% of RhB was decomposed within the same time period in the presence of both 

0.1 g L-1 B300 and light irradiation. The photocatalytic performances of B300 CdS 

nanobubbles have been compared with those of C300 SiO2@CdS core@shell 

nanocomposites under the same conditions. The concentration of RhB has decreased 

much faster by about 20 times in the presence of the CdS nanobubbles than in the 

presence of the core@shell nanocomposites. The absorption maximum of the B300-

present solution exhibited hypsochromic shift from 554 nm (0 min) to 500 nm (45 min) 

as a result of the stepwise N-deethylation of RhB (see the section 3.5). 

The pseudo-first-order degradation kinetic profiles of RhB via CdS nanophotocatalysts 

in the presence of light irradiation have been employed (Figure 3-8) to extract the 

degradation rate constants in Table 1 by using the linear plots of ln (A/A0) = – k t, where 

k is the rate constant and t is the time. Plots of – ln (A/A0) vs. t for the photocatalytic 

degradation of RhB are shown with varying B300 concentrations (Figure 3-8a); as 

expected, k increases with concentration increase. In the inset, the variation of log k 

with log c, where c represents the gram concentration of B300, has been fitted to yield 

a slope of 1.07 ± 0.05:  ∝   .  . This demonstrates that the rate constant varies nearly 

linearly with the concentration, and that the concentrations of the CdS 

nanophotocatalysts are kept to be sufficiently low in our photocatalytic experiments. 

Furthermore, pseudo-first-order degradation profiles via B300, B370, and B400 have 

also been compared to study the size effects of the nanobubbles on k (Figure 3-8b). 
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The rate of degradation has been found to increase with decrease in the outer diameters 

(d) of the CdS nanobubbles. The inset in Figure 3-8b shows the variation of log k with 

log d for the CdS nanobubbles. The linearly fitted slope of the nanobubbles has been 

found to be –1.44 ± 0.39:  ∝ d  .   (see below). 

 

 

Figure 3-8. First-order kinetics, – ln (A/A0) vs. t, for the catalytic degradation of 10 μM 

RhB(aq) via B300 CdS nanobubbles at various concentrations indicated in the units of 

g L-1 (a) and via B300, B370, and B400 CdS nanobubbles with varying nanobubble 

sizes (b) exposed to irradiation by a 300 W Xe lamp. The inset of panel a shows the 

variation of log k with log c while the inset of panel b shows the variation of log k with 

log d. 
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Table 3-1. Rate constants (k) for the catalytic degradation of 10 μM RhB(aq) via CdS 

nanocatalysts under irradiation by a 300 W Xe lamp.  

 

 

B300 CdS nanobubbles have shown enhanced photocatalytic performances also 

under irradiation by natural sunlight (Figure 3-S6 in section 3.7). The photocatalytic 

degradation rate of 20 μM RhB(aq) in the presence of 0.10 g L-1 B370 under natural 

sunlight has been observed to be 0.059 ± 0.001 min-1. This suggests indeed that CdS 

nanobubbles have high potential as an economically competitive photocatalyst in new 

solar-energy-harvesting advanced oxidation technologies. 

3.4.5. Possible Photocatalytic Mechanism. As already shown in Figure 3-8a, 

the linear dependence of k on c may lead to suggest that the rate constant varies 

linearly with the nanophotocatalyst surface area. To further study the effects of the 

surface areas on the rate constants, the theoretical rate changes of SO / V, the outer 

surface area per volume, and ST / V, the  total surface area per volume, with changes in 

diameters have been calculated for perfectly spherical CdS nanobubbles with uniform 

thicknesses; note that V is the volume of the CdS nanoshell. The total surface area is 

equal to the sum of the inner surface area (surface area of a sphere with r = d / 2 – l) 

Nanocatalyst Concentration  (g L-1) k  (min-1) 
a 0.00 0.0005 ± 0.0007 
B300 0.10 0.081 ± 0.002

b 
B370 0.10 0.065 ± 0.002 
B400 0.10 0.052 ± 0.002 
C300 0.10 0.0044 ± 0.0011 
C370 0.10 0.0014 ± 0.0004 
C400 0.10 0.0012 ± 0.0005 
a In the absence of nanocatalysts. b The rate constant for the catalytic degradation of 10 μM RhB(aq) 

via 0.1 g L-1 B300 in the absence of light is 0.0011 ± 0.0003 min-1. 
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and the outer surface area (surface area of a sphere with r = d / 2). With l = 11 nm, the 

following equations have been derived: 

  
  

 
=

   

   (    ) 
    (nm-1) (3-1) 

  
  

 
=

     (    ) 

   (    ) 
   (nm-1) (3-2)	

Using the above-mentioned equations, we have estimated SO / V and ST / V of thin CdS 

nanobubbles with varying diameters of 300, 370, and 400 nm. The theoretical 

dependence of log (SO / V) on log d has been calculated to be –0.0656 while that of log 

(ST / V) on log d has been calculated to –0.0015. In other words, both SO / V and ST / V 

remain almost invariant regardless of d whereas k has been found to vary nonlinearly 

with the inverse of d ( ∝ d  .  ).  This indicates that the rate constant depends hardly 

on the surface area of the nanobubbles, but varies with the size of the nanobubbles for 

a different reason, which we believe is due to the nanoreactor confinement effect of 

hollow-structured nanocatalysts.20 CdS nanobubbles with smaller diameters exhibit 

greater rate constants, consistent with the trend for hollow nanocatalysts of the size 

range exhibiting the nanoreactor confinement effect.44  

The changes that occur in the UV/vis spectra during the degradation of RhB also 

give us information regarding the RhB degradation pathways. The hypsochromic shift 

of the RhB absorption maximum from 554 nm to 500 nm by photodegradation in the 

presence of CdS nanobubble catalysts is consistent with the sequential removal of the 

N-ethyl groups from the RhB molecule, where each N-deethylation results in a blue 

shift of the absorption maximum. Previous studies45-48 have stated that the N-

deethylation process involves a primary step in which an electron from the nitrogen 
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atom of the excited singlet state of RhB (E0 = –1.09 V vs. the normal hydrogen 

electrode (NHE))49 is transferred to a CdS nanoparticle. The well-known intermediates 

have been identified as N,N-diethyl-N’-ethylrhodamine, N-ethyl-N’-ethylrhodamine 

(EER), N,N-diethyl-rhodamine (DR), N-ethylrhodamine, and rhodamine (R), where 

EER and DR are isomers of each other.46, 48-52 Using the peak absorbance of R at 500 

nm and the molar extinction coefficients of RhB (11.5 x 104 M-1 cm-1) and R (8.4 x 104 

M-1 cm-1),45 it has been calculated that 47% of the initial RhB molecules remain in the 

solution as fully N-deethylated xanthenes structures. However, considering a previous 

report49 of N-deethylation where > 90% of the xanthene-conjugated chromophores 

result from a large predomination of N-deethylation over the cleavage of the aromatic 

ring, we suggest that the N-deethylation and the cleavage of the conjugated ring 

compete with each other as the degradation pathways of RhB photocatalyzed via CdS 

nanobubbles. This evidence indicates that CdS nanobubbles photocatalyze both the 

rapid N-deethylation of RhB and the complete mineralization of RhB in general.  

On the other hand, the absence of hypsochromic shifts in the absorption 

maximum indicates that only the direct destruction of the conjugated xanthene 

structure occurs during the photocatalytic degradation of RhB via SiO2@CdS 

core@shell nanocomposites. The destruction process is facilitated by reactive oxygen 

species produced by photoexcited CdS nanocatalysts. For bulk CdS, electrons in the 

conduction band (E0 = –0.85 V vs. NHE) have a reduction potential negative enough to 

reduce oxygen molecules to superoxide radicals (O2/O2·
–; E0 = –0.33 V vs. NHE) 

while the reduction potential of holes in the valence band (E0 = +1.55 V vs. NHE) is 

not positive enough to overcome the reaction barrier to oxidize water molecules and 
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hydroxide ions into hydroxyl radicals (OH·,H+/H2O; E0 = +2.73 V vs. NHE and 

OH·/OH–; E0 = +1.90 V vs. NHE).12, 53-55 The production of superoxide radicals may 

be restricted by the rapid electron-hole recombination of CdS. The observed PL 

spectrum of Figure 3-S3 shows that electron-hole recombination occurs at higher-

energy electron and hole states even at room temperature, suggesting extremely short 

lifetimes of electrons and holes which have been reported to be in the range of 

picoseconds.56-57 Because excited electrons have extremely short lifetimes in the 

conduction band, the chance of an electron migrating to an adsorbed O2 molecule is 

low, ultimately resulting in a slower RhB degradation rate with the nanocomposite 

photocatalysts.  

Photoexcitation of RhB does not contribute to photocatalysis via SiO2@CdS 

nanocomposites whereas that, as well as the photoexcitation of CdS, is effective in 

photocatalysis via CdS nanobubbles. Therefore, it can be concluded that the confining 

structure of CdS nanobubbles lowers the activation energy of the single-electron 

transfer pathway from RhB* to CdS, which is known to be a surface-occurring 

reaction.46 This can be attributed to the nanocage effect as discussed earlier. The inner 

surfaces of the nanobubbles have an increased number of active sites onto which RhB 

molecules are adsorbed. Because these sites are catalytically more active,19 an electron 

can be transferred from RhB* to CdS easily. The dye radical cation, RhB·+, is then 

hydrolyzed to lose one ethyl group. The degradation of RhB via conjugated-ring attack 

has been compared for C300 and B300: 82% of RhB molecules remain after 45 min 

with nanocomposites while 47% of xanthenes rings remain with nanobubbles. Larger 

differences occur for the other remaining samples of different sizes. This signifies that 
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in addition to the adjunct of another degradation pathway (N-deethylation) for CdS 

nanobubbles, the degradation rate via the photocatalytic pathway of conjugated-ring 

attack also increases. It could be possible that adsorption of O2 molecules occurs 

mostly on the inner cavity surfaces of the nanobubbles, resulting in build-up of 

reactive radicals within the cavities of the nanobubbles. Although RhB degradation via 

aromatic-ring attack is predominantly a solution bulk process,46 the cavity sizes of 

hollow nanostructures control the collision rate between reactive oxygen species and 

RhB dye molecules.44 Thus, it is suggested that the higher collision rate in smaller 

nanocavities also contributes to bring about the higher degradation rates of RhB with 

CdS nanobubbles with smaller sizes (Figure 3-8a). 

 

 

Figure 3-9. Proposed mechanisms for the photocatalytic degradation of RhB solutions 

via SiO2@CdS core@shell composites (left) and CdS nanobubbles (right). 

 

 

Figure 3-9 shows our proposed overall mechanisms schematically for the 

photocatalytic degradation of RhB(aq) in the presence of SiO2@CdS core@shell 
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nanocomposites and CdS nanobubbles. Unlike the kinetic barrier via CdS nanobubbles, 

that for the single-electron transfer from RhB* is too high for the N-deethylation of 

RhB to occur via core@shell nanocomposites. It is believed that the lowering of the 

activation energy for this pathway with CdS nanobubbles is a direct result of the 

nanoreactor confinement enhancement. The simultaneous N-deethylation and 

conjugated-ring attack of RhB immensely enhance the photocatalytic degradation rate 

of RhB(aq) via CdS nanobubbles. 

 

 

3.5. Conclusion 

A novel fabrication method involving hard templates and microwave irradiation 

has been developed to synthesize size-controlled CdS nanobubbles with high 

photocatalytic activity. The CdS nanobubbles with diameters of 300, 370, and 400 nm 

have been found to consist of mostly cubic CdS nanocrystallites packed together into a 

shell with 11 nm thickness. The CdS nanobubbles efficiently photocatalyze the 

degradation of RhB via concurrent pathways of N-deethylation and direct conjugated-

ring attack. These nanophotocatalysts have exhibited excellent photocatalytic 

performances under irradiation by a Xe lamp and under natural sunlight, showing high 

potential as low-cost sunlight-activated photocatalysts. 
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3.7. Supporting Information 

 

Figure 3-S1. TEM images of SiO2@CdS core@shell nanocomposites of different 

sizes: C300 (a), C370 (b), and C400 (c).  

 

 

Figure 3-S2. HRTEM images of CdS nanobubbles B300 (a) and B400 (b) and their 

corresponding FFT patterns (insets).  
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Figure 3-S3. Extinction (dotted) and PL, with excitation at 355 nm, (solid) spectra of 

B370 suspended in ethanol (a). (αhν)2 plots against hν after removal of scattering (c/λ4, 

where c is an arbitrary constant) from the extinction spectrum to obtain the band gap 

of B370 (b). The intercept of the dashed line corresponds to the band gap of CdS 

nanobubbles while that of the dotted line corresponds to the energy gap created by 

sulfur-vacancy defects.  
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Figure 3-S4. Complete survey (a) and N 1s and Cd 3d close-up (b) XPS spectra of 

intermediate nanospheres with silica-supported nitrogenous cadmium complexes.  

 

 

Figure 3-S5. TEM images showing SiO2 core hard templates with 50 nm diameters (a), 

SiO2@CdS core@shell composite structures with 60 nm diameters (b), and the product 

after etching (c).  
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Figure 3-S6. Absorption spectra of 20 μM RhB aqueous solutions in the presence of 

natural sunlight without nanocatalysts (a) and with 0.10 g L-1 nanocatalyst B370 (b) 

measured at elapsed times indicated in the units of min. These experiments were 

carried out on a sunny fall day from 2 p.m. on the 24th of September in Seoul, Korea, 

where the maximum temperature of the day was 27 °C and the minimum was 17 °C. 

The plot of – ln (A/A0) vs. t, shown in the inset, has yielded a degradation rate constant 

of 0.059 ± 0.001 min-1. 
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Appendices 

 

A.1. Stöber Method 

In the synthesis of silica hard templates, SiO2 core structures were produced via 

the one-step Stöber method.1 From tetraethyl orthosilicate (TEOS), metal-oxide oxo- 

bridges form with Si as the metal, ultimately resulting in nucleation of SiO2 spheres 

(Figure A-1). The size of the colloids may be controlled by various approaches. A 

higher concentration of TEOS results in larger spheres; a dilution of the overall 

mixture with water results in smaller spheres; a longer reaction time results in larger 

spheres; use of a different alcoholic solvent changes sphere sizes (methanol < ethanol 

< n-butanol; where methanol results in the smallest sphere and n-butanol results in the 

largest sphere); and a higher concentration of ammonia(aq) results in larger spheres. 

Because changes in ammonia concentration result in the largest change in size, sizes of 

the silica hard templates in this dissertation have been controlled by changing the 

amount of ammonia(aq) added. 

 
Figure A-1. Schematic of the sol-gel condensation of TEOS in the formation of silica 

colloidal spheres.  

  
1 W. Stöber, A. Fink, E. Bohn. J. Colloid Interface Sci. 1968, 26, 62-69. 
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A.2. Scherrer Equation 

For crystallites less than 100 nm, the Scherrer equation can be used to estimate 

the average size of crystallites in the sample. The Scherrer equation assumes that all 

broadenings of the X-ray peaks in the X-ray diffraction (XRD) data arise from size 

factors. The Scherrer equation1 is given by:  

  =
  

     
 (A-1) 

where   is the mean size of the crystalline domains,   is the shape factor,   is the X-

ray wavelength,   is the full-width at half-maximum of the XRD peak, and   is the 

Bragg angle. 

The mean crystallite sizes in sections 2.4 and 3.4 have been calculated by 

estimating   to 0.94,2 which is a theoretical estimate for spherical cubic 

nanocrystallites. The X-ray diffractometer used for measurements operates with a Cu 

Ka1 X-ray beam with   equal to 0.154056 nm. The line broadening,  , was measured 

for the (111) peak, with   = 13.30°, due to its high intensity. 

It is important to realize that the Scherrer formula provides an estimate for the 

smallest possible particle size, since all broadening in assumed to arise from size 

effects. Some of the broadening may be contributed to other factors such as 

instrumental effects, inhomogeneous strain, and crystal lattice defects. To account for 

these factors and obtain a better estimate of the crystallite size, a more in-depth 

  
1 L. A. Patterson. Phys. Rev. 1939, 56, 978. 
2 J. I. Langford, A. J. C. Wilson. J. Appl. Cryst., 1978, 11, 102. 
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analysis is required. In the studies carried out in this thesis, only simple calculations 

have been made with the Scherrer equation, which may be a reason to the 

discrepancies in CdS nanoparticle size estimates. 
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A.3. Brus Equation 

When the band gap of a homogeneous nanosphere is known, the band gap of the 

nanoparticle (NP) may be used to determine the size of the NP by using the Brus 

equation1 as listed below: 

 ∆  =   (  ) −   (    ) =  
ħ   

   
  

 

  
+

 

  
 − 1.8  

  

      
  (A-2)	

where ħ is the reduced Planck constant (6.582119 x 10-16 eV×s),   is the radius of the 

NP,    is the effective mass of the electron,     is the effective mass of the hole,   is 

the elementary charge,   is the dielectric constant of the solid, and    is the 

permittivity of a vacuum. 

When the Brus equation was used in sections 2.4 and 3.4 in this thesis, 

calculations have been made by using constants from literature.2 For CdS,   =

0.3   and   = 0.8   where    is the reduced mass of an electron (9.11 x 10-31 kg), 

and     = 5.7. It should be noted that the Brus equation allows for a rather simple 

approximation of the NP size because it does not consider the coupling constant, μ, 

meaning that it does not consider the effects of valence band splitting. 

  

  
1 L. E. Brus. J. Chem. Phys. 1984, 80, 4403. 
2 H. Y. Acar, J. Phys. Chem. C. 2009, 113, 10005. 
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A.4. Theoretical Fittings of Line-Scanned EDX Profiles: Core@Shell 

and Hollow Spheres 

 

 

Figure A-2. A circle with center (h,k) and a radius r as described by eq. A-3. 

 

 

The line-scanned EDX profiles in Figure 3-4 have been theoretical fitted by 

utilizing the fact that the cross-section of a sphere is a circle and that of a hollow 

sphere is a hollow circle. Equations A-5 and A-11, which were used for the fittings 

(see below), have been derived by manipulating the equation of a circle as shown in 

Figure A-2: 

 ( − ℎ) + ( −  ) =     (A-3) 

Setting  = 0, ℎ =   +  , and  =  /2, where   = distance between the origin and 

the sphere edge and  =	diameter, the following equation is obtained: 

  =   ( −   ) − ( −   )
  (A-4) 
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Multiplying y by a constant,  , we get the number of counts,  , of diffracted x-rays in 

a line scan of a filled spherical particle along x, where x = distance or position: 

  =  	{ ( −   ) − ( −   )
 }  ⁄  (A-5) 

 

Intensity for a hollow sphere can be obtained by subtracting two circles with the 

same center but different radii, r1 and r2, where r1 > r2: 

   =  r 
 − ( − h)  (A-6) 

   =  r 
 − ( − h)   (A-7) 

Subtracting, eq. A-7 from eq. A-6, we get: 

   −   =    
 − ( − ℎ) −    

 − ( − ℎ)  (A-8) 

Defining ℎ =   +    and   =   −       , the equation now becomes: 

   −   =    
 − ( −   −   )

 −  (  −       )
 − ( −   −   )

  (A-9) 

Finally, defining the outer diameter,  = 2  , the first part of the equation becomes the 

same as eq. A3-2, and the entire equation becomes as follows:  

   −   =   ( −   ) − ( −   )
  

 −  ( −   −       ) − ( −   )
 + (      )

  (A-10) 

Multiplying (  −   )  by a constant, we get the number of counts of diffracted x-rays 

in a line scan of a hollow spherical particle: 

  =  [	{ ( −   ) − ( −   )
 }  ⁄  

 −	{ ( −   −       ) − ( −   )
 + (      )

 }  ⁄ ] (A-11) 

Equation A3-3 can be used to estimate the shape of a line-scanned EDX profile 

of a particle with a circular cross-section, such as a sphere or cylinder. Both eq. A-5 
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and A-11 must be used to estimate the shape of a line-scanned EDX profile of a 

particle with a hollow circle cross-section, such as a hollow sphere or hollow cylinder. 

For hollow circular cross-sections, eq. A-5 must be used when   ≤  ≤ (  +       ) 

and (  +  −       ) ≤  ≤ (  +  )  and eq. A-11 must be used when (  +

      ) <  < (  +  −       ). 

For core@shell structures, eq. A3-3 can be used for the core shape along with eq. 

A-5 and A-11 for the shell such that      + 2      =       ,      to approximate 

intensity profiles for a shell that is coated directly on top of the spherical core.  

The terms,  ,  ,   , and        are variables that need to be estimated for the 

fitting. 
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Abstract (Korean) 

 

직경  미  마이크 미  범 에 속하고 셸 께는 양자구속 범 에 속하는 

속이  황 카드뮴 나노 울  생 하는데 단단한 실리카 플릿과 마이크  

조사를 이용한 새 운 합 법이 용 었다. 그 황 카드뮴 나노 울  독특한 

리  속 과 우 한 매 작용  보여주었다. 

 이 논 에  언 는 주  간단한 개요를 1 장에  볼  있다. 도체 

나노입자들이 양자구속 범 에 속할 도  충분히 작  는 크 가 큰 질들과는 

리  속 들이 달라진다. 나노입자  합 법들에 한 일 인 요약과 

크  모양, 조 가능  요함이 보여진다. 또한, 불균일 매작용에  

나노  구속효과가 나타나는 속  할 우 나노구조들  역할들이 고 

있다. 

2 장에 는 황 카드뮴 나노 울들  특이한 리  특 에 해 논하 다. 

황 카드뮴 나노 울들  양자구속 범  내  셸 께  합 어 원자가 자  

분열  귀착 었다. 상 에  이러한 상들  직 인 찰이 Chemical 

Communication 에 Communication report 를 통해 처  보고 었다. 루미 스 

스펙트럼들 부  찰  데이 는 존  이  연구  하여 해 었다. 

자 에  나노입자 크  민감함, 분열 규모, 이  진동자 강도들 그리고 

고  자/ 공 상태 도 등  논하고 있다.  

3 장  황 카드뮴  합 , 특  그리고 매 용에  었다. 단단한 

실리카 플릿과 마이크  조사를 사용한 황 카드뮴 나노 울  단계  합 이 
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다른 크  명 한 구조를 가진 황 카드뮴 나노 울들  산출하는데 집 었다. 

산출  황 카드뮴 나노 울들  과 자 미경, 에 지 분산  엑스  분 , 

고해상도 엑스  회 , 엑스  자 분 법, 그리고 분 학 연구를 통해 특  

히 냈다. 황 카드뮴 나노 울  매 작용  다민 B  분열  통해 

검토 었다. 황 카드뮴 나노 울  사일차분해속도 상 는 나노  구속효과 

에 SiO2@CdS 어셸 나노복합재 보다 약 20  상승하는 것  보여 다. 이 

증 는 새 운 경  (N-deethylation)  에 지 감소  본래  

결  ( 향족 고리 공격) 또한 르게 하여 이루어 다. 

 

 

주요어: 황 카드뮴, 속이  나노스피어, 어셸 나노스피어, 마이크  합 , 

양자구속효과, 매 작용, 나노  구속효과 

 

학번: 2012-20269 
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