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1.1 Evolution of nanotechnology 

Technological revolution always comes along with political and social changes. When 

the advancement in the technological change is huge, social changes also occur to 

adapt to accommodate this objective reality [1]. For example, as farmers started to 

gather   wealth (that is, food) for communities, an army became necessary to protect it. 

Soon after World War II, governments worldwide and specially in the US realized that 

considerable investment in the natural sciences could radically affect the   power and 

wealth of nations. Integrated electronics, internet and even lasers can be summarized 

into the age of information and telecommunications as a direct result of this 

investment. A huge part of nanotechnology naturally follows from these lines of 

technical chase and scientific inquest [1]. Along with the theoretical understanding of 

quantum physics and electrodynamics that has advanced over the last century, this 

prolonged research has led us to  incredible rewards from the manipulation and control 

of matter at the nanoscale. Consequently there has been a surge in the research of 

science of nanomaterials. 

1.2 Nanoscale Materials 

Nanoscale materials are defined as a set of substances with at least one dimension less 

than approximately 100 nanometers. A nanometer is one millionth of a millimeter - 

approximately 100,000 times smaller than the diameter of a human hair [2]. 

Nanomaterials are of prime interest because due to small size, unique optical, 

magnetic, electrical, and other properties emerge. These developing properties have 

the prospective for great impacts in electronics, medicine, and other fields. Some 

nanomaterials occur naturally, but of particular interest are engineered nanomaterials 

(EN), which are designed for, and already being used in many commercial products 

and processes [2]. They can be found in such things as sunscreens, cosmetics, sporting 

goods, stain-resistant clothing, tires, electronics, as well as many other everyday items, 

and are used in medicine for purposes of diagnosis, imaging and drug delivery [2].  

1.2.1 Different kinds of nanomaterials 

The nanoscale materials are basically divided into two types namely metallic [3] and 

semiconductor [4] nanoparticles. Semiconductor nanoparticles possess distance in eV  
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between valence band and conduction band energy levels and this difference in energy 

levels  of  conduction band minima and valence band maxima defines the band gap of 

the particle. This Band gap is generally larger than the bulk counterpart.  

However, no band gap is observed in case of metals, so tuning the band gap with size 

is not feasible; but the band dispersions reveal that the curvature of the bands at the 

edges is high compared to curvature at the centre of the band in the case [5].  

Unlike the bulk state which is characterized by semi continuous energy spectrum, 

nanoscale materials possess discrete energy levels.  

1.2.2 Properties of nanomaterials 

1.2.2.1 High surface to volume ratio 

The surface of a sphere scales with the square of its radius r whilst its volume scales 

with r
3
. The total number of atoms N in this sphere is linearly proportional to volume. 

The fraction of atoms at the surface is called dispersion F, and it scales with surface 

area divided by volume, i.e. with the inverse radius or diameter, and thus also with N
1/3

 

[6]. The same relation goes for long cylinders of radius r as well as for thin plates of 

thickness d. atoms at surfaces have fewer neighbours than atoms in the bulk. Owing to 

this lower coordination and unsatisfied bonds, surface atoms are less stabilized than 

bulk atoms. The smaller a particle the larger the fraction of atoms at the surface, and 

the higher the average binding energy per atom. Since the surface-to-volume ratio 

scales with the inverse size, there are numerous properties which obey the same 

scaling law including melting point and other phase transition temperatures [6]. Also 

since most of the atoms lie on the surface, the reactivity is greatly enhanced in case of 

nanoparticles. The presence of maximum percentage of total atom on the surface 

causes various surface defects with states related to definite energy state referred as 

surface states which are liable for overall changes in other energies corresponding new 

energy states [7]. These surface states also play a vital role as electron trap centres as 

they participate in different electronic transitions [8]. Their influence can be observed 

in luminescence, photocatalytic activity and single electron tunneling phenomena [9]. 
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1.2.2.2 Quantum Confinement effect  

This is a typical size effect found in semiconductor nanocrystals [10]. As the material 

goes from bulk to nano phase, its optical as well as electronic properties vary [11]. The 

scale of the transition is determined by a parameter which is known as Bohr exciton 

radius, an intrinsic property of the material [12]. In a direct band gap semiconductor 

the valence and conduction bands possess same K vector and upon absorption of 

photons of appropriate wavelength bound electron hole pair known as excitons are 

created. When the size of the semiconductor comes to a comparable range with 

excitonic Bohr radius, the electronic properties start to change from the corresponding 

bulk state [13]. The confinement can be divided into three regimes according to the 

relationship between the microcrystalline radius R and RB the bohr excitonic radius of 

its bulk counterpart where , 2RB = ae + ah, If R>>RB, (ae is the radius of electron and ah 

is the same for hole) then that regime is called weak confinement. When R<<ah and 

R<<ae, then it is called strong confinement regime.  Another type of confinement 

regime is observed in very small micro crystallites where R<< ae but R>>ah. This 

regime is known as medium confinement regime [14] 

1.2.2.3 Enhancement of band gap and blue shift 

In metals and semiconductors, the electronic wave functions of conduction band 

electrons are delocalized over the entire particle. Electrons can therefore be described 

as ‗particles in a box‘, and the densities of state and the energies of the particles 

depend significantly on the size of the box, which at first leads to a smooth size-

dependence [6]. However upon addition of   more atoms, the shells get filled up and 

discontinuities crop up when a new shell at higher energy starts to be occupied. Owing 

to these discontinuities, there is no easy scaling. Instead, one finds characteristics 

similar to that of atoms, with filled shells of extra stability. Such clusters are often 

named as ‗pseudo-atoms‘. The band gap of semiconductor nanoparticles and therefore 

their absorption and fluorescence wavelengths become size dependent [6]. Ionisation 

potentials and electron affinities are tuned between the atomic values and the work 

function of the bulk material by changing the cluster size. These same properties relate 

to the accessibility of electrons for forming bonds or getting involved in redox 
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reactions. Thus the catalytic activity and selectivity become functions of size of the 

nanocrystal [6]. 

 

Fig 1.1: Change in band gap when the particle size is reduced from bulk to nano 

The effect of enhanced band gap is accompanied with blueshift (towards lower 

wavelength) in the absorption spectra [15]. The effective mass approximation model is 

a theoretical model to understand the increasing band gap as well as blue shift. 

1.2.3 TYPES of nanostructures and density of states 

 

Fig 1.2: Different types of nanomaterials [16] 
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Nanomaterials can be divided into the following classes according to the size 

confinement effects: 

Zero dimensional (0D): Materials wherein all the dimensions are measured within the 

nanoscale (no dimensions, or 0-D, are larger than 100 nm).The most common 

representation of zero-dimensional nanomaterials are nanoparticles. Nanoparticles can 

be amorphous or crystalline. They can exhibit various shapes and forms also can exist 

individually or incorporated in a matrix. They can be metallic, ceramic, or polymeric. 

Quantum dots (QD) are 0D nanocrystals [16]. 

One dimensional (1D): In this type of nanomaterial, the movement of the electrons 

are restricted in two dimensions and allowed in one dimension. The examples are 

nanorod, nanotube, nanowire etc. 

Two dimensional (2D): In this type, the movement of the electrons are restricted in 

one dimension whilst movement is free in  two dimension [17]. In such system, at least 

one of its three dimensions ranges in the order of the size of Bohr excitonic radius. 

Examples of this type are: nanofilms, nanolayers and nanocoatings. 

Three dimensional (3D):  They are generally bulk materials that are not confined to 

the nanoscale in any dimension. These materials are thus characterized by having three 

arbitrarily dimensions above 100 nm. Materials possess a nanocrystalline structure or 

involve the presence of features at the nanoscale.  In terms of nanocrystalline structure, 

bulk nanomaterials can be composed of a multiple arrangement of nanosize crystals, 

most typically in different orientations. 

The DOS (density of state) for the above types are mentioned below 

For 0D (QDs), DOS has the shape of δ peaks  
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For 2 D (quantum well)  
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                         Fig 1.3: Variation of density of states vs energy 

Where ∈𝑖  are discrete energy levels, 𝜃 is the Heaviside step function and 𝛿 is the Dirac 

function [19]. The variation of density of states (from continuous to discrete) with 

reducing dimensions is shown in fig 1.3.      

1.2.4Core-shell Nanostructures 

The broad area of nanoparticles can be categorized into simple and core-shell or 

composite nanoparticles based on single or multiple materials. As the name suggests, 

simple nanoparticles are made from a single material; whilst composite and core-shell 
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particles are composed of two or more materials. The core-shell type nanoparticles 

comprise of a core (inner material) and a shell (outer layer material) [20]. The choice 

of shell material of the core-shell nanoparticle is usually sturdily dependent on the end 

application and use. These type of nanoparticles are gradually grabbing more and more 

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

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

optics, and catalysis. They are highly functional materials with modified properties 

[20]. At times properties arising from either core or shell materials can be completely 

different. The properties can be tuned by changing either the constituting materials or 

the core to shell ratio [21]. Due to coating of the shell material, the properties of the 

core particle such as reactivity decrease or thermal stability can be modified, so that 

there is an increase in the overall particle stability and dispersibility of the core 

particle. Eventually, particles exhibit distinctive properties of the different materials 

employed together. This is especially true of the inherent ability to maneuver the 

surface functions to meet the miscellaneous application requirements [22,23]. Current 

applications of various core-shell nanoparticles are summarized  by Karele and his co 

workers [24]. The individual reports from different researchers also throws light to the 

fact that core-shell nanoparticles are vividly used in different applications such as 

biomedical [25,26] and pharmaceutical applications [23] catalysis [22,27] electronics 

[28,29] enhancing photoluminescence [30,31] creating photonic crystals [32] etc. 

Particularly in the biomedical field, most of these particles are applied for bioimaging 

[33-35] controlled drug release [35-36], targeted drug delivery [33,35,37,38] cell 

labeling [33,39,40] and tissue engineering applications [36,41] 

Based on their material properties, the core/shell nanoparticles can be divided into four 

main groups: (i) inorganic/inorganic; (ii) inorganic/organic; (iii) organic/inorganic; (iv) 

organic/organic. 
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Fig. 1.4 Core-shells of various shapes [19] 

 

One part of the inorganic/inorganic core-shell is semiconductor core-shell which we 

are going to deal in the next chapters. Semiconductor core-shells are also divided into 

two sub parts: 

Semiconductor/non-semiconductor core/shell: In this type, either the core or shell is 

prepared of a semiconductor material with the remaining layer either metal, metal 

oxide, silica, or any other inorganic material [42-43]. This variety of core/shell 

nanoparticles has also found important place among the different inorganic/inorganic 

core/shell nanoparticles because of their aptness for more advanced applications in a 

wide range of fields extending from electronics to biomedical. 

Semiconductor/semiconductor core/shell: In the recent decades, instead of using 

either a single semiconductor material or semiconductor/non-semiconductor core-shell 

material, researchers have emphasized on semiconductor/semiconductor core-shell 

materials to enhance the efficiency and decrease the response time. A particular 

interest is bestowed upon particles where both the core and shell are comprised of a 

semiconductor material or a semiconductor alloy [28,30,44,45,46]. They are again 



 
Introduction                                                                                                                                                       Chapter I 

9 
 

classified in three parts: 

 

 

Fig 1.5: Band alignments in TYPE 1 and TYPE 2 core-shell structures [19] 

TYPE 1: In this category, the energy band gap of the shell material is wider than the 

band gap of the core material. The electrons and holes are trapped within the core 

material because both the conduction and the valence band edges of the core are 

located within the energy gap of the shell [47]. As a result, the emission energy is 

estimated by the energy gap of the core material (Eg1). Fig 1.5 (left) schematically 

shows this type 1structure, where the conduction band of the shell is of higher energy 

(the higher band gap material) than that of the core. The valence band of the shell is 

also located at a lower energy than that of core. This arrangement of energy levels is 

important in order to confine the charge carriers within the core material. The shell is 

used to passivate the surface of the core with an aim to enhance its overall optical 

properties. Another role of the shell is to distinguish the more optically active core 

surface from its surrounding environment. 

REVERSE TYPE 1: This group is the inverse of the one discussed above. In this 

class, the narrower band gap shell material is coated over the wider band gap core 
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material. Here, both hole and electron charges are partially delocalized on the shell 

materials and emission wavelengths can be modified by varying the thickness of the 

shell. Within this category, the most extensively reported systems are CdS/CdSe 

[48,49] and ZnS/CdSe [28]. They possess low quantum yields and higher resistance 

against photobleaching, whereas the quantum yield can be improved by coating 

another semiconductor material of a wider band gap. 

TYPE 2: The third group of this category is known as type 2.  In contrast to type 1, 

here,  both the valence and conduction bands of the core are aligned at either lower or 

higher than those in the shell. As a result, one carrier is mostly confined to the core, 

while the other trapped the shell. Therefore, the energy gradient prevailing at the 

interfaces tends to spatially separate the electrons and holes on different sides of the 

heterojunction [47, 50]. This type of nanocrystals are more suitable for photovoltaic or 

photoconduction applications because of the separation of charges in the lowest 

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

energy separation between the conduction band edge of one semiconductor and the 

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

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

𝐸𝑔12 = 𝐸𝑔1 − 𝑈𝑣 = 𝐸𝑔2 − 𝑈𝑐  

Where Eg1and Eg2 are the band gaps of semiconductors 1 and 2, respectively. In this 

case, emission is lower than the band gap of either semiconductor. Some common 

examples of these types of particles are CdTe/CdSe [50-51] CdTe/CdS [52] ZnTe/CdS 

[53] PbTe/CdTe [45] ZnTe/ZnSe [54] CdSe/ZnSe [50]  PbSe/CdSe [55]  ZnSe/CdSe 

[56] and CdS/ZnSe [47]. 
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Fig. 1.6 Band alignments in different types of core-shell structure [19] 

Approaches for core-shell nanostructures  

Approaches for nanomaterial synthesis can be widely categorized into two parts: ―top-

down‖ and ―bottom-up‖. The ―topdown‖ method generally deals in traditional 

workshop or microfabrication methods where externally controlled tools are used to 

cut, mill, and shape materials into the desired shape and order. For example, the most 

common techniques are lithographic techniques (e.g., UV, electron or ion beam, 

scanning probe, optical near field) [57-58] laser-beam processing [59] and mechanical 

techniques (e.g., machining, grinding, and polishing) [60-61]. On the other hand, 

―Bottom-up‖ approaches utilize the chemical properties of the molecules causing them 

to self-assemble into some useful conformation. As far as the synthesis of core-shell 

nanoparticles is concerned, since ultimate control is necessary for achieving a uniform 

coating of the shell materials during the particle formation, the bottom-up approach 

has been established as more suitable. A combination of these two approaches can also 

be employed, such as after synthesizing the core particles  by the top-down approach 

but then coating by a bottom-up approach in order to maintain uniform and precise 

shell thickness. To have a precise control over the size and shell thickness, instead of  

a bulk medium,  using a microemulsion is preferable because water droplets act as a 

template or nanoreactor. 

 

E 
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Synthesis of core-shell nanostructures   

Generally, core-shell nanoparticles are synthesized with a two-step process, first 

synthesis of core and second the synthesis of the shell. The synthesis techniques of 

core-shell nanoparticles can be classified into two catagories depending on the 

availability of core particles: (i) the core particles are synthesized and separately 

incorporated into the system with proper surface modification for coating the shell 

material [62-64] (ii) the core particles are synthesized in situ, and this is followed by 

coating of the shell material [65-66]. Amongst the various methods for synthesis of  

core-shell particles used by different research groups are precipitation [67-68] 

polymerization [69-70] microemulsion, solgel condensation [20] layer by layer 

adsorption techniques [71-72] etc. But even after all sincere efforts to control the 

thickness and uniform coating of the shell using these methods, the methods are still 

not well established, and proper control is found as very difficult. The main hurdles are 

(i) agglomeration of core particles in the reaction media, (ii) preferential formation of 

separate particles of shell material rather than coating the core, (iii) incomplete 

coverage of the core surface, and (iv) control of the reaction rate. Generally for 

modification of core surface, surface active agents [73] and polymers [73-74] are often 

used by different research groups.  

Review of works on core-shell nanostructure 

Recently, there has been an increasing demand to obtain appropriate alternative energy 

sources.  It has been established that quantum dot solar cells are good candidates for 

potentially low cost photovoltaic (PV) devices to use solar radiation as renewable 

energy [75] Regarding TiO2, having a wide band gap (3.2 eV) in the UV region 

absorbs only 5% of the solar spectrum, resulting in poor conversion efficiency in solar 

cells applications. That is why, recent research has been emphasized on lowering the 

band gap of the TiO2 to the visible region. Semiconductors which absorb in the visible 

regime such as CdS [76] PbS [77-78] Bi2S [76-77] CdSe [79] and InP [80], can act as 

sensitizers as they are able to transfer electrons to large band gap semiconductors such 

as TiO2 or SnO2. K. Das and co-workers fabricated TiO2@CdS type-II core-shell 

nanorods by a simple surface-functionalized method. The photocurrent density of the 

core-shell nanorods was found to be 212 times greater than that of the bare TiO2 
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nanorods for a bias voltage of 5 V. The spatial separation of the charges, spatially 

indirect transitions, and surface passivation by shell played a vital role in increasing 

lifetime and photo current density. 

 Nanoscale building blocks comprised of II-VI compounds are of particular interest, as 

their synthesis and properties have been thoroughly studied experimentally over the 

past two decades [81-84, 50]. Interfaces are extremely significant morphological 

features that are key to determining the function of multi component nanostructures for 

light-harvesting applications. The electronic structure of nanoscale interfaces is 

expected to vary distinctly from bulk due to confinement, non-bulk-like electrical and 

mechanical boundary conditions, and surface reconstruction and passivation effects. 

Owing to quantum confinement, the band gaps and offsets are size dependent: band 

gaps increase with decreasing size, and incomplete screening associated with a 

confined interface can alter the interface dipole and band offsets. Additionally 

nanoscale heterojunctions can potentially endure larger lattice-mismatch than planar 

heterojunctions [84-85] and the resulting strain or presence of defects at nanoscale 

interfaces could further shift energy levels and band offsets as in strained bulk 

heterojunctions [86]. Also surface reconstruction and ligand passivation are expected 

to have a significant impact on the electrical and optical properties of the nanocrystals 

[87].Mostly explored core-shell structures of type-II catagory NCs include such 

combinations of materials as CdTe/CdSe [50] CdTe/CdS [88] CdTe/CdSe [89]  

ZnTe/CdS [90] and ZnTe/CdTe [90]. S. Evanov and co-workers studied the use of CdS 

and ZnSe, which are more stable in the colloidal form than Te-based semiconductors, 

for fabricating heterostructures that can exhibit the type-II localization regime [47 ,56, 

91]. They applied an ―inverted‖ core/shell design, in which a core of a wide-gap ZnSe 

was overcoated with a narrower-gap CdSe. These NCs exhibited high emission QYs 

up to 80-90%. 15 An interesting property of these structures was observed as they are 

tunable between type-I and type-II regimes that can be achieved by simply varying the 

shell thickness for a fixed core radius [91] 

In photoexcited QDs, the main hurdle arises due to exciton-exciton annihilation 

process that occurs on the 10 to 100 ps time scale. So it becomes essential to dissociate 

the exciton by ultrafast charge transfer to electron donors and acceptors before the 

annihilation process [92]. There are few reports accessible in the literature on ultrafast 
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exciton (bound electron-hole pair) dissociation in QDs by electron transfer (ET) or by 

hole transfer to adsorbed acceptors, however, mechanism and rate of charge transfer 

are still to be studied effectively [93-94]. Considerable research efforts have been 

dedicated to charge transfer dynamics of type II semiconductor QDs. [95-97]. Bawendi 

and co-workers 10c reported the time-resolved emission in CdSe/ ZnTe and 

CdTe/CdSe where they have shown that charge recombination time in CdSe/ZnTe can 

be increased from 9.6 to 57 ns. It has also been investigated on ultrafast charge transfer 

dynamics of CdTe/CdS core-shell using femtosecond time-resolved absorption 

spectroscopy. Chen and co-workers [97] have found spatial separation of charge 

carrier by changing the size of the core and the shell in CdSe/ZnTe. Feldman and co-

workers 16 reported charge separation and tunneling behavior between CdTe and 

CdSe QD material with the formation of core-shell structures. Banin and co-workers 

[98] focused on photophysical properties of ZnSe QD within CdS nanorods and 

demonstrate the charge separation. Most of the above studies have thrown light on the 

issue of charge separation clearly; however, still much more are to be understood for a 

device application. It is very important to be acquainted with how fast the electrons or 

holes are migrated to another semiconductor and also how fast the photoexcited 

carriers relaxed in different QD materials. 

1.3 Photocatalysis phenomenon 

 A ‗‗photocatalytic reaction‘‘ can be defined as a chemical reaction induced by 

photoabsorption of a solid material, or ‗‗photocatalyst,‘‘ which remains unchanged 

during the reaction. Photocatalysis is often explained with the help of a schematic 

representation of the electronic structures of semiconducting materials, a band model; 

an electron in an electron-filled valence band (VB) is excited by photoirradiation to a 

vacant conduction band (CB), which is separated by a forbidden band, a band gap, 

from the VB, leaving a positive hole in the VB [99]. These electrons and positive holes 

take part in reduction and oxidation, respectively, of compounds adsorbed on the 

surface of a photocatalyst. This analysis explains the photocatalytic reactions of 

semiconducting and insulating materials absorbing photons by the bulk of materials. 

The Honda–Fujishima effect is a well-established chemical phenomenon closely 

related to photocatalysis [99]. Irradiation of a titania single-crystal electrode immersed 
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in an aqueous electrolyte solution under illumination generates oxygen evolution from 

the titania electrode and hydrogen evolution from a platinum counter electrode when 

some anodic bias is applied to the titania working electrode or chemical bias, e.g., 

making higher pH of an electrolyte solution for the working electrode, is given [99]. 

Photoexcited electrons and positive holes generated by photoabsorption are situated at 

close proximity to each other and interact with each other by electrostatic force. It has 

been already established that the photocatalyticreaction by titania and related 

photocatalysts under ultraviolet irradiation in the presence of air or oxygen 

decomposes organic compounds almost completely. Titania possessing higher 

photocatalytic activity compared with that of other metal oxides is due to its high 

reduction ability to inject photoexcited electrons into molecular oxygen adsorbed on 

the surface of photocatalysts [99]. 

 

Fig 1.7: Schematic of mechanism of photocatalysis [148] 

Functional one‐dimensional metallic oxides have grabbed enormous interest because 

of their potential use in electronic, optical and spintronic devices [100-102]. Except 

titanium  dioxide  (TiO2), zinc oxide (ZnO) and  vanadium  pentoxide  (V2O5)  

nanostructures  including  nanowires,  nanobelts  and  nanorods have been extensively 
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studied due to their special  electronic, chemical and optical properties [103-104]. 

These metallic oxide materials are incorporated into an integrated structure with 

nanoscale dimension and the resulting hierarchical nanostructures often possess much  

large  surface  areas  and  improved  physical  and  chemical  properties, providing 

potential applications for sensing, light  emission and photocatalysis [105-106]. Now a 

days , composite  nanomaterials  such  as  core‐shell  nanostructure are formed by the 

inside nanorods with the outside covered layers e.g TiO2/ZnO,  ZnO/MgO  and  

ZnO/Er2O3 core‐shell structures have been fabricated [107-110].  

Currently much interest has been bestowed upon coupling different semiconductor 

particles with TiO2, with coupled samples such as TiO2-CdS, Bi2S3-TiO2, TiO2-WO3, 

TiO2-SnO2, TiO2-MoO3, and TiO2-Fe2O3being reported [111-114]. TiO2 coated SnO2 

particles sizing 80-100 Å in diameter exhibited improved photochromic and 

photocatalytic efficiencies compared with TiO2-capped SiO2, TiO2, SiO2, and SnO2 

samples. Elder et al. [115] prepared TiO2/MoO3core-shell nanocrystalline material and 

found that photoabsorption energy of this system systematically shifted from 2.88 to 

2.60 eV as the size of the composite nanoparticle was tuned from 80 to  40 Å. Still, 

these materials were found to exhibit a lower efficiency than Degussa P25 for the 

photocatalytic oxidation of acetaldehyde. 

Again because of their size dependent absorption and emission properties CdSe 

nanoparticles have been the choices of many recent electron transfer investigations to 

study photocatalytic performances [116-120]  

1.4 Photovoltaic (PV) effect 

The photovoltaic effect is the creation of voltage or electric current in a material upon 

exposure to light. 

The  photovoltaic effect is directly related to the photoelectric effect, though they are 

different processes. When the sunlight or any other light is incident upon a material 

surface, the electrons present in the valence band can absorb energy and, being 

excited, jump to the conduction band and become free. These highly excited, non-

thermal electrons diffuse, and some reach a junction where they are accelerated into a 

different material by a built-in potential (Galvani potential). This generates an 

http://en.wikipedia.org/wiki/Voltage
http://en.wikipedia.org/wiki/Electric_current
http://en.wikipedia.org/wiki/Light
http://en.wikipedia.org/wiki/Photoelectric_effect
http://en.wikipedia.org/wiki/Valence_band
http://en.wikipedia.org/w/index.php?title=Built-in_potential&action=edit&redlink=1
http://en.wikipedia.org/wiki/Galvani_potential
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electromotive force, and thus some of the light energy is converted into electric 

energy. The photovoltaic effect can also occur when two photons are absorbed 

simultaneously in a process called two-photon photovoltaic effect [121]. When light is 

applied to the junction, one can model the solar cell as an ideal diode in parallel with a 

current source, JL, that accounts for the photogenerated electron-hole pairs (excitons) 

in the semiconductor, and a resistive load. This can be combined with the standard 

diode equation to yield a general expression for a semiconducting p-n diode-based 

photovoltaic cell: 

𝐽 =    𝐽0  exp  
𝑞𝑉

𝜂𝐾𝑇
 − 1 − 𝐽𝐿 

where the photogenerated current density in a semiconductor of bandgap Eg is related 

to the applied light spectrum as 

      𝐽𝐿 = 𝑞  
𝑑𝜙𝑝ℎ

𝑑ℎ𝜈
 𝑑(ℎ𝜈) 

∞

ℎ𝜈=𝐸𝑔

 

Based on this expression, one can see that application of light to a PV device leads to a 

shift of the diode current-voltage (I-V) or current density/voltage (J-V) equation into 

the fourth quadrant (fig 1.8), and thus also leads to power generation that can be 

applied to a load (the area under the curve) [122].The J-V plot contains several critical 

parameters that directly relate to the efficiency of the solar cell. The short-circuit 

current density (or current), Jsc, provides the maximum current density that is 

obtainable  when the two leads of the device are connected, i.e., under no load. The 

maximum Jsc available from the AM1.5 solar spectrum to a single-bandgap solar cell 

(which is directly related to the integrated solar photon flux) 

Voc derived from the ideal diode law: 

𝑉𝑜𝑐   =
𝐾𝑇

𝑞
ln   

𝐼𝐿
𝐼𝑜

 + 1 ≈
𝐾𝑇

𝑞
ln( 

𝐼𝐿
𝐼𝑂

 ) 

Another important feature of the J-V curve is the so-called fill factor (FF). This 

quantifies the ―squareness‖ of the J-V curve under solar illumination, and can be 

http://en.wikipedia.org/wiki/Electromotive_force
http://en.wikipedia.org/wiki/Two-photon_photovoltaic_effect
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defined as the ratio of the area of the curve under the  maximum power point of the 

cell (fig 1.8), i.e., Pmax= ImaxVmax, to  the area associated with open and closed circuit 

(P =IscVoc) [122]. These parameters  directly  relate  to  the  power  conversion  

efficiency  of  the  device, η, under direct sunlight as 

𝜂 =
𝐼𝑚𝑉𝑚
𝑃𝑂

= 𝐴 𝐽𝑠𝑐  𝑉𝑜𝑐  𝐹𝐹/𝑃𝑂   

which Po is the applied power density to the device. 

 

 

Fig. 1.8 J-V curve of a photovoltaic cell [122] 

The juncture of photovoltaics and nanotechnology, i.e., nanophotovoltaics (nano-PV) 

is a relatively recent trend. While some nanostructure-related concepts were studied in 

the 1980s and early 1990s, particularly as related to nanocrystalline silicon thin films,  

it is only in this decade that the use of various emerging classes of nanostructures has 

been applied to PV. An early example of using nanostructured materials was shown by 

Grätzel and coworkers, who  used compacted and annealed nano-sized titania powders 

to demonstrate  a dye-sensitized solar cell [131]. Perhaps one of the  first  attempts  at  
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utilizing  distinct  emerging  nanostructures  in  PV  was  2010 by Taylor and Francis 

Group, LLC by  Alivisatos  and  coworkers,  who  used  CdSe  nanocrystals  in  

combination with organic hole conducting layers to make a novel solar cell with a  

power conversion efficiency of 1.7% [122]. 

Among the inorganic materials proposed as a PV alternative to silicon, cuprous oxide 

(Cu2 O) is one of the most extensively studied,  with investigations stretching back 

more than 20 years. As-made Cu2O is a p-type semiconductor with a band gap of 2.0 

eV, which allows for good solar spectral absorption [123]. The abundance and non 

toxicity of copper, as well as the long-term stability associated with oxides, allows for 

the possibility of constructing durable, long-lasting solar cells with Cu2Oasthe active 

light-absorbing component. There are several examples of Cu2O-based PV devices 

reported in the literature, often prepared by using low-cost, solution-based methods 

[124-125]. Nanowire-based solar cells have been reported to possess inherent 

advantages over traditional bilayer devices [128-129] In addition, oriented nanowire 

arrays have been shown to possess excellent charge transport (and therefore charge 

collection) characteristics in photovoltaic devices [126-127].  Our solar cell consists of 

vertically oriented n-type zinc oxide nanowires, surrounded by a film constructed from 

p-type cuprous oxide nanoparticles. Our solution-based synthesis of inexpensive and 

environmentally benign oxide materials in a solar cell would allow for the facile 

production of large-scale photovoltaic devices. We found that the solar cell 

performance is enhanced with the addition of an intermediate oxide insulating layer 

between the nanowires and the nanoparticles. 

Dye-sensitized solar cells based on nanocrystalline TiO2 photoelectrode are of great 

interest as an alternative to the conventional silicon solar cells because of their high 

performance and low-cost production [130-132]. In application to DSCs, vertically 

oriented TiO2 nanotube arrays have higher charge collection efficiencies than a 

nanoparticle-based structure due to their faster transport and slower recombination of 

electrons [133-134]. On the other hand, coating surface of the nanocrystalline 

photoelectrode with a high energy band-gap material has received much attention for 

enhancing the photovoltaic performance [135-136]. These coating layers retard back 

transfer of electrons to the electrolyte thereby minimizing charge recombination [135-

139]. Moreover, dye attachment becomes more favorable because the surface of 
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coating material is more basic than TiO2, and consequently, a light harvesting 

efficiency can be increased [135-137]. 

C.O.Avelleneda and his co-workers studied DSSC based on TiO2 electrodes coated 

with various thin oxide layers such as Al2O3, Nb2O5, MgO and SrTiO3 . No significant 

changes were observed for the short-circuit current density due to the different coating 

layers, but The Voc values changed notably: from 0.73 V (for TiO2electrodes) to 0.78 

V for TiO2-MgO core-shell electrodes[140]. The latter electrodes provided DSSC 

endowed with overall energy conversion efficiencies as high as 5% under 1 sun. 

Thus, it became a well known fact that , a common technique to control and enhance 

the properties of nanostructures is to create core–shell heterostructures [141-148] The 

addition of a shell often modifies the electronic nature of the original material, by 

enhancing the interaction with the surrounding medium without altering the properties, 

both optical and electrical, of the core structure. Low temperature synthesis of 

nanostructures, such as quantum dots [143-144], and nanowires [145-146], are a key 

area of importance, with device applications in various fields [142-144, 146]. A novel 

low temperature hydrothermal synthesis of ZnO– MgO core–shell NWs was found to 

be a successful and inexpensive method of producing uniform, functional 

nanostructures [141]. The hydrothermally grown MgO layers enhanced the 

photocurrent and open-circuit voltage of solid state dye-sensitized solar cells, 

producing a five-fold increase in power conversion efficiency, as measured under 

AM1.5 simulated sun light. 

1.5 Motivation of our work  

As we have already explained in the previous sections, core-shell nanomaterials have 

caught enormous interest as useful material for photocatalysis or photovoltaic purpose. 

For a device application a material must possess three criterions [147] In organic or 

polymeric solar cells, device operation involves (1) exciton generation, (2) charge 

separation, and (3) carrier transport to the opposite electrodes [147] Since the three 

steps occur in sequence, efforts have been made to enhance efficiency or output of 

each of the steps. Generation of excitons expectedly depends on matching of electronic 

absorption spectrum of the active material with that of the solar illumination. Hence 
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active materials are chosen accordingly. Exciton dissociation or charge separation, 

which occurs at the interface between a donor and an acceptor layer, takes place due to 

the internal field that develops owing to the difference of energy levels at the 

interfaces. Carrier transport, the third step, is directed by the internal field generated by 

the difference in work functions of the two electrodes. Also the interesting properties 

exhibited by core-shell nanostructures which are quite different than the core or shell 

itself was a major reason to carry out our research work on these functional 

nanomaterials.  

We have also described in section that environmental clean up has been an important 

issue now a days due to increasing amount of waste water from industries which are 

adverse effects of improving civilization. TiO2 is already been established as a good 

photocatalyst for decomposition of waste water of dyes which are very toxic. Our 

effort was to observe what influence on the photocatalytic properties can be seen if we 

coat the material TiO2 with some other oxide materials of different band gaps (MgO= 

7.8 eV, SnO2= 3.7 eV and ZrO2 = 5.7 eV). Out of these materials TiO2/MgO and 

TiO2/SnO2 has been studied extensively in earlier reports also. But our aim was to 

make a comparative study of photocatalytic activity of these materials to know which 

coating was best to get better result. Also we synthesized a novel core-shell material 

Ag2S-HgS whose photocatalytic efficiency is compared with TiO2 based materials.  

We have studied photovoltaic performance of TiO2 and other related core-shell 

nanostructures via a very simple cost effective laboratory method. These electrodes are 

sensitized with dye (EOSINY) to extend the absorbance regime to visible region so 

that we can attain practical application. The fill factors we obtained were quite 

satisfactory and one can expect that highly efficient photovoltaic devices can be 

fabricated from these core-shell nanostructures with better and sophisticated 

equipments. 
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In the earlier chapters, we have discussed in details about core-shell TiO2-MgO and 


TiO2-SnO2 nanostructures. We coated the material TiO2 with two different layers. The 


first layer tried was MgO which has an insulating band gap of 7.8 eV. The other layer 


was SnO2 whose band gap is 3.37 eV which is very close to that of TiO2 itself. In this 


chapter we will discuss about two other core-shell nanocomposite structures where for 


one, the shell is ZrO2 with a band gap 5.7 eV and for the other, TiO2 will act as a shell 


material with a core nanostructure of CdSe which has a very small band gap 1.74 eV. 


Also another interesting fact that has come to notice.  Whilst in our earlier chapters, we 


have studied materials which have TYPE 2 band edge at their bulk structure, now both 


TiO2-ZrO2 and CdSe-TiO2 have bulk band edge as TYPE 1. So, in this chapter, we 


shall addess the following questions: 


 Can a material with a TYPE 1 band alignment in the bulk form be converted to 


TYPE 2 when it comes down to nanosize? Can these be rendered as efficient 


photocatalyst? 


 As a shell material, what is the role of TiO2 as a shell layer for supporting 


photocatalysis? 


So, with an aim to answer the above questions we have focused on the optical and 


photocatalytic properties of TiO2-ZrO2 and CdSe-TiO2 core-shell nanocomposites. The 


optical and structural details are characterized via UV-vis absorbance spectra, PL 


spectra, XRD, RAMAN and TEM. The photocatalytic activity for  both the samples 


are studied for degradation of Methylene Blue (MB) dye under daylight illumination 


for different time limits. 


 


5.1 Synthesis of core-shell TiO2-ZrO2 nanostructures 


The TiO2 nanoparticles were synthesized as we have described in chapter 3. For 


preparation of ZrO2 coating layer, we followed a standard procedure [1]. 2.312 g of 


ZrO (NO3)2·xH2O and 4 g of NaOH were dissolved, each in 20 ml of distilled water, to 


form 0.5 M and 5 M solutions, respectively. The NaOH solution was slowly added to 


the ZrO(NO3)2·xH2O solution and stirred for ~4 hour. Then the resultant solution was 


poured dropwise on the already prepared TiO2 nanoparticles under stirring which 


continued for 8 hours. Then the solution was centrifuged and dried at 100
º
 C to remove 
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the water from the sample so that there can be a coating of ZrO2 over the TiO2 


nanoparticles.  


5.2 Structural characterization 


5.2.1 XRD pattern analysis 


 


Fig 5.1: (left) XRD pattern of TiO2 nanoparticles and core-shell TiO2-ZrO2 nanostructures and 


(right) extended version of XRD of TiO2-ZrO2 nanostructures 


Fig 5.1 shows the XRD patterns of core TiO2 and core-shell TiO2-ZrO2 nanostructures. 


We can see that the core–shell nanostructure (red line) consists of both core TiO2 and 


shell ZrO2 phases. It contains anatase phase of core TiO2 and monoclinic phase of shell 


ZrO2. The figure in the right hand side shows an extended version of the core-shell 


nanostructure where we can see the prime peak of ZrO2 (101). The crystallite size and 


microstrain are calculated as described in chapter 2 (section 2.2.1) from W-H equation.  


Table 5.1: Calculation of crystallite size and microstrain  


Sample name Crystallite size (nm) Microstrain 


TiO2 8.5 0.006 


TiO2-ZrO2 4.4 -0.011 
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From the table 5.1, it can be seen that the crystallite size is less in the core-shell 


nanocomposite than that of the core structure. This is a different observation as we 


found in TiO2-MgO and TiO2-SnO2 the coating layer favored increase in crystallite 


size by extending the crystallinity of the sample. Also the microstrain as obtained in 


the core-shell nanostructure is negative. Again from the XRD pattern, it is clear that as 


the shell is grown, the diffraction peaks shift toward smaller d-spacing (larger 2θ). 


This provides a clear indication that the growth of the ZrO2 shell is compressing the 


lattice planes in the TiO2 core. Compressive strain is generally defined as the 


deformation along a line segment that decreases in length when a load is applied. The 


decrease in crystallite size of the core-shell hints towards a strong dependence of 


crystallite size upon the induced strain by shell [2]. The results indicate that tensile 


strain exists in pure TiO2 nanocrystals, whereas compressive strain is obtained after 


surface coating leading to smaller crystallite size. Also compressive force often results 


in a negative strain as we have observed in the core-shell structure. Therefore, in a 


nutshell, it can be marked that the surface coating plays an important role in tuning the 


crystallite size and lattice strain of core-shell nanostructure [2]. 


5.2.2 TEM image analysis 


The low resolution TEM image shows that the particles have sizes carrying from 5 nm 


- 20 nm. But the core-shell morphology is not clear in the low resolution image. From 


the HRTEM image, the evidence of formation of core-shell is found as we can see two 


different types of lattice lanes which correspond to two different materials. The red 


colored planes are assigned to core TiO2 and the yellow colored planes are drawn for 


the shell ZrO2 (Fig. 5.2, left).  
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Fig 5.2: (left) HRTEM image (right) Low resolution TEM image of core-shell TiO2-ZrO2 


nanocomposites 


5.2.3 EDX spectra analysis 


 


 


 


 


Fig 5.3: EDX spectra of TiO2-ZrO2 nanoparticles  


The EDX spectrum confirms the presence of all the constituent elements Ti, Zr and O 


in the sample. 


 5.2.4 Raman Spectra analysis 


 


 


             


 


 


 


 


 


Fig 5.4: Raman spectra of TiO2 and core-shell TiO2-ZrO2 nanostructure 
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Fig 5.4 displays the Raman spectra of core TiO2 and core-shell TiO2-ZrO2 


nanoscomposites. As we have already mentioned in the earlier chapter 3 (section 


3.6.5), anatase TiO2 has six Raman active modes and three infrared (IR) active modes. 


The optical   phonon mode at the Γ-point of Brillouin zone (BZ) is presented by [3-4].  


Γ = A1g(R) + 2B1g(R) + 3Eg(R) + B2u(IR) +A2u (IR) + 2Eu (IR) ……… (5.1) 


The  four  vibrations  (A1g+B1g+B2g+Eg)  are  Raman  active and  the  rest  are  IR  


active. In the pristine TiO2 sample, the intense Eg peak has appeared at 144 cm
-1


, 


followed by low intense A1g, B1g peaks at 410 cm
-1


, 520 cm
-1


 and at 630 cm
-1


 


respectively [5-6]. But in case of core-shell TiO2-ZrO2 nanostructures, as we can see 


from figure, the Eg peak is blue shifted to 148 cm
-1


 unlike the other core-shells we 


have discussed in chapter 3. The other three peaks are also found to be blue shifted 


than their corresponding core positions. The intensity of the Raman peaks are 


suppressed in the core-shell structure than the core structure.  


Surface atoms of nanoparticles are attached together by weaker forces because of 


absent neighbors, which leads to lower characteristic wavenumbers for these atoms 


compared with interior atoms. When the surface of TiO2 is coated with a layer of 


ZrO2, an alteration occurs and the surface atoms get bound differently. Furthermore, 


the coating layer produces a compressive stress on the first several layer atoms of 


TiO2 nanoparticles which we already proved from the XRD pattern. This makes the 


surface atoms to pack intimately, resulting in higher vibrational wavenumbers [7]. 


The decrease in Raman peak suggests that the core is completely covered with the 


shell layer thus obstructing the phonons to interact with the outer phonons. 


Xu et al. [7] used a phonon confinement model to explain the observed changes in the 


Raman line and position using Heisenberg uncertainty principle. 


                                                             ∆𝑋 × ∆𝑃 ≥
ℎ


2
………………….. (5.2) 


Where ΔX is crystallite size, ΔP is the phonon momentum distribution and h is Planck 


constant. In case of a perfect crystal first order Raman scattering of photons obey the 


phonon  selection  rule  k=0,  implying  phonon  contribution  at  the  center  of  


Brillouin zone. Thus when ∆X decreases as we can see in our case, ∆p increases thus 
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the phonon contribution becomes very less. This results in shifting as well as 


expansion of the active Raman peak.  


Thus as we have already explained the Raman active peak width is increased in the 


core-shell structure whilst the phonon lifetime is decreased. This is due to the fact that 


as the crystallite size becomes smaller, the phonon density decreases and also 


anharmonic phonon coupling decreases. Also with decrease in crystallite size, since 


the phonon momentum distribution increases, some of the phonons may get lost in 


collision with each other thus shortening its life span. 


                  


Fig 5.5: Lorentzian fit on Raman active mode of (left) TiO2 and (right) TiO2-ZrO2 


Table 5.2: Calculation of bond width of Raman active peak and phonon lifetime 


 


 


 


 


5.3 Optical Property analysis 


5.3.1 UV-vis absorbance spectra analysis 


Fig 5.6 shows the UV-vis absorbance spectra of core TiO2 and core-shell TiO2-ZrO2 


nanocomposite. It is seen that absorbance maxima of TiO2 which occurred at ~350 nm 


is shifted to 355 nm after coating with ZrO2. This slight red shift occurs due to increase 


in particle size in the core-shell nanostructures. The absorption tail of TiO2 in the 


visible region may be due to Ti
3+


 defect related states as well as oxygen vacancies 


Sample name Eg bond width (cm
-1


) Phonon lifetime (ps) 


TiO2 15.29 0.32 


TiO2-ZrO2 15.99 0.31 
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present in the sample which goes for the core-shell structure also as we have already 


observed in the other core-shell structures. 


 


Fig 5.6: UV-vis absorbance spectra 


  
 


Fig 5.7: Urbach energy plot for (left) TiO2 and (right) TiO2-ZrO2 nanostructures 


The Urbach equation is represented by  


                                   α = α0 exp (E/Eµ) ………………………………..(5.3) 


 where α  is the absorption coefficient, E is the photon energy and  Eµ is the Urbach 


energy. For the calculation of Urbach energy, lnα is plotted against E. The reciprocal 


of the slopes of linear portion, below optical band  gap,  gives  the  same.  In case of 


solid materials instead of α, F(R) can also be plot which is calculated from the 


reflectance.  
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           Fig 5.8 : Kubelka Munk Plot for (left) TiO2 and (right) TiO2-ZrO2 


The absorption is calculated by Kubelka-Munk plot F(R) = (1-R)
2
/2R, where R is the 


reflectance of the sample and it is found from the reflectance spectra. The band gap of 


the nanomaterials were calculated from a plot of the modified Kubelka-Munk function 


[F(R)E]
1/2


 vs the energy of absorbed light (E =hν) where 𝑅 = 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 𝑅𝐵𝑎𝑆𝑂4
 . After 


plotting the graphs and fitting linear, we get the band gaps as tabulated below. 


Table 5.3: Calculation of band gap and Urbach energy 


 


 


 


From the table 5.3 we can see that there is tremendous increase in Urbach energy when 


TiO2 nanoparticles are coated with ZrO2 shell layer. The growth of the shell generates 


strain and of defect states are created at the core/shell interface or within the shell as 


we stated in earlier chapters. These can act as trap states for photogenerated charge 


carriers. The excited electrons are captured by the shallow defect bands, preventing 


their direct transition to the conduction band as a result increasing the Urbach energy 


to such high extent. The band gap of the core-shell structure (3.1 eV) is also found to 


be less than that of the core structure (3.3 eV) which hints towards the TYPE 2 


configuration of the system. The charge separation in the core-shell structure is 


schematically shown in Fig. 5.9. 


Sample name Urbach energy (meV) Band gap (eV) 


TiO2 90 3.3  


TiO2-ZrO2 250 3.1 
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                         Fig 5.9: Schematic charge separation in TiO2-ZrO2 


The red lines correspond to conduction band whilst the black ones represents the 


valence band. We can see that in bulk heterostructure, TiO2-ZrO2 possesses a TYPE 1 


structure. But as the size decreases to nano regime, due to high surface to volume ratio 


lots of defect related states occur at the shell layer or at the core-shell interface. Thus 


as we have explained with increase in Urbach energy of the core-shell nanostructure, 


these shallow bands trap electrons preventing them from recombination. Thus a quasi 


TYPE 2 structure prevails in the TiO2-ZrO2 core-shell structure which is further 


confirmed from PL spectra. 


5.3.2 Photoluminescence (PL) spectra analysis 


Fig 5.10 shows the comparative PL spectra of core TiO2 and core-shell TiO2-ZrO2 


nanocomposites. It can be clearly seen from the figure that the intensity of the band 


edge emission peak is suppressed in the core-shell structure. If we look at the PL 


spectra, we can see that both core and the core-shell exhibit an emission peak at ~380 


nm. This peak is assigned to phonon assisted indirect transition from M→Γ in the 


Brillouin zone as mentioned in chapter 3 (section 3.9.2) . The lowering of the peak is 


due to the coating layer of ZrO2 surrounding TiO2 as it does not allow sufficient 


amount of UV photons to go in and interact with the inner TiO2 core thus reducing the 


PL intensity. Both samples exhibit an intense emission peak ~425 nm which is 


attributed to self trapped exciton (STE) recombination [8-9]. The other peaks 


correspond to defect related states or oxygen vacancy related states. Thus the PL 
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spectra also supports the quasi TYPE 2 structure in the core-shell structure which was 


earlier assumed from the band gap calculation.  


 


         


 


            


Fig 5.10: PL spectra of (a) core TiO2, (b) TiO2-ZrO2 core-shell nanostructure and (c) 


comparative plot of both core and core-shell nanocomposites 


5.3.3 Photocatalytic activity  


Photocatalytic activities of pure TiO2 nanoparticles and core-shell TiO2-ZrO2 


nanoparticles are examined by observing the degradation of methylene blue (MB) 


under daylight. The photoactivity is observed under daylight lamp of 500 watt power 


Xenon lamp in the wavelength range from 400-700 nm. The samples are placed at 6 


cm distance from the light in the photocatalysis chamber. For carrying out the 


degradation experiment, we followed the same procedure as stated in chapter 2 


(section 2.3.3) . The catalyst loaded dye solution is irradiated under daylight different 


time limits.  When irradiation is completed, each of the irradiated solution is 


(a) (b) 


(c) 
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centrifuged at 13,000 rpm to make it free from the catalyst. 5 mL of each of the 


irradiated MB solution is taken for absorption measurement. The decrease of 


concentration or degradation of MB from its initial concentration is studied by 


observing the decrease of the absorption peak (Ct) of the dye solution irradiated for the 


aforementioned period. The degradation efficiency of phenol solution is given by{(C0-


Ct)/C0}×100% [10] where C0 is the initial concentration of the dye solution. The rate 


constants are determined using 1
st
 order kinetic equation. 


 


Fig 5.11: (a) Absorbance of methylene blue in presence of catalyst (b) % degradation, rate 


constant determination of (c) TiO2 and (d) TiO2-ZrO2 


Fig. 5.11 shows the photocatalytic degradation of MB in presence of TiO2 as well as 


TiO2-ZrO2. The rate constants and percentage degradation amounts are tabulated 


below. 


Table 5.4: Calculation of rate constant and % degradation 


Sample name  Rate const (min
-1


)          % degradation w.r.t  time 


10 min 20 min 40 min 60 min 


TiO2 0.0035 38.9 44.47 46.31 50.2 


TiO2/ZrO2 0.017 69.2 76.23 81.14 88.32 
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The table 5.4 clearly indicates that core-shell TiO2-ZrO2 nanostructures exhibit highest 


photocatalytic activity at 60 min irradiation which gradually increases from 10 min. 


The degradation efficiency is quite high if we compare it with the degradation shown 


by TiO2 nanoparticles which is at maximum 50.2% at 60 min irradiation. The reaction 


mechanism for photocatalysis is same as we described in the earlier chapters.  MB 


excited in the presence of sunlight can efficiently inject electrons into the TiO2 


conduction band. The slow degradation of MB by TiO2 is due to electron 


recombination between the injected electron and surface adsorbed MB (holes). For the 


TiO2-ZrO2 core-shell system, electrons injected into the TiO2 conduction band can be 


transferred to the different defect levels of ZrO2 and then to the valence band. This 


leads to sufficient separation between the electron and hole. The electron in the defect 


states of ZrO2 can then be trapped by dissolved oxygen to form reactive oxygen 


species which then degrade the dye MB. Again MB adsorbed directly onto the 


conduction band of ZrO2 nanoparticles can inject electrons into the valence band of 


ZrO2, which in turn leads to the degradation of MB via the same process described 


above. The rate constant calculated for both the samples also gives verdict in favor of 


the core-shell structure as a far better photocatalytic agent. 


5.4  Synthesis of core-shell CdSe-TiO2 nanocomposites 


In a typical procedure[11], 0.4567 g (2 mmol) CdCl2·2.5H2 O was dissolved in 100 


mL of deionized water in a 250 mL three-neck flask, and 0.5 mL thioglycolic acid 


(TGA) was added while stirring. The solution was adjusted to pH 11.0 with 1.0 


mol·L
−1


 NaOH solution. After several minutes, excess NaBH4 (0.1 g) and 0.111 g (1 


mmol) SeO2 was added consecutively into the above solution. For the coating layer of 


TiO2 nanoparticles, we followed a standard procedure. Titanium isopropoxide was 


taken as the reactant and 2-Propanol as the solvent in a ratio 2:5.Then we allowed the 


solution to stir for 30 minutes followed by adding few drops of H2O and left it for 


stirring upto 8 hours until gel formation occurs. Then the solution is added dropwise to 


the already prepared CdSe solution to obtain the core-shell structure. The solution is 


centrifuged and dried at 100
º
 C to get the powder core-shell structure. 
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5.5  Structural characterization 


5.5.1 XRD pattern analysis 


 


                 Fig 5.12: (left) XRD pattern (right) W-H Plot of CdSe-TiO2 


From the XRD, it can be seen that the peaks are quite broad indicating very small size 


in the core-shell structure. The peaks correspond to hexagonal CdSe structure along 


with tetragonal TiO2 peak at 2θ = 25.5
0
. We have determined the lattice strain and 


crystallite size of each sample using Williamson-Hall (W-H) equation  


                                        βcosθ/ λ= 0.9/D+4€Sinθ/ λ…………..(5.4) 


In eqn. 5.4, λ is the wavelength of X-ray, β and θ are the FWHM and diffraction angle 


of the diffraction peaks of CdSe-TiO2 core-shell nanocomposites. D is the effective 


crystallite size considering lattice strain and is the effective value of lattice strain. The 


crystallite size is found to be ~8 nm and lattice microstrain is obtained as 0.066. 


5.5.2 TEM image analysis 


Fig 5.13 (left) shows the low resolution TEM image of core-shell CdSe-TiO2 


nanocomposites . The shell contains two core nanoparticles which are indicated with 


blue colored arrows . The core particle size is about 7 nm and approximate diameter of 


the core-shell nanostructure is about 25 nm.The lattice planes of the core particle is 


illustrated with yellow color (right) while the same for shell layer is marked with red 


color. The interplanar spacing for the core and shell are obtained as 3 Å and 6 Å                       


respectively. 
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Fig 5.13: (left) Low resolution (right) High resolution TEM image of CdSe-TiO2 


nanostructrures 


5.5.3 EDX spectra analysis 


 


Fig 5.14: EDX spectrum of CdSe-TiO2 core-shell nanocomposites 


The EDX spectrum confirms the presence of all constituent elements i.e Cd, Se, Ti and 


O in the core-shell CdSe/TiO2 nanocomposites. 


5.6  Optical Property analysis 


5.6.1 UV-vis absorbance spectra analysis 


Fig 5.15 shows the UV-vis absorbance spectra of both core CdSe and core-shell CdSe-


TiO2 nanoparticles. For both samples, the absorption onset appeared at ~550 nm, blue-


shifting 166 nm compared with bulk CdSe (716 nm), which was caused by quantum 


confinement effect. This indicates that the particle size is very small compared to its 


bulk counterpart. The absorbance maxima  for CdSe occurs at 470 nm which is same 







  


Role of TiO2 as a core and shell in two different core-shell nanocomposites for photocatalytic degradation of MB dye     Chapter V 


 


129 
 


for the core-shell CdSe-TiO2. It can be seen that the absorbance intensity has increased 


significantly in the core-shell structure extending to almost infrared regime. 


 


Fig 5.15: UV-vis absorbance spectra of core CdSe and core-shell CdSe-TiO2 


nanocomposites 


The band gap of the samples are calculated with the help of Tauc’s plot from the 


absorbance spectra by using the following equation  


                                           (hνα)
2
=A(hν-Eg)………………………(5.5)                                                                                                                                                                     


Where h=Planck’s constant, ν=frequency of the incident light, α=Absorption 


coefficient, A=Proportionality constant, Eg= Band gap. So by plotting hν along X-axis 


and (hνα)
2 


along Y-axis and taking the intercept of the linear section of the graph, the 


band gaps are calculated. 


 


Fig 5.16: Tauc’s Plot for (left) CdSe and (right) CdSe-TiO2  
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From the fig.5.16, the band gaps are found to be 2.44 eV and 2.33 eV for core CdSe 


nanoparticles and core-shell CdSe-TiO2 nanocomposites. It is seen that the band gap is 


significantly decreased than the bulk band gap 1.7 eV which is another proof of 


quantum confinement effect that has occurred in the samples. It is also observed that 


the band gap of the core-shell structure is less than either of the core or of the shell i.e 


band gap of TiO2 is 3.2 eV. This gives a hint on the fact that the core-shell structure 


might be of TYPE 2 which is later confirmed with the help of PL spectra. 


Also, for the calculation of Urbach energy, lnα is plotted against E. The reciprocal of 


the slopes of linear portion, below optical band gap, gives the value of Eµ. The Urbach 


energy for CdSe and core-shell CdSe-TiO2 are found to be 1001 meV and 3225 meV 


respectively. We can see that there is tremendous increase in Urbach energy when 


CdSe nanoparticles are coated with TiO2 shell layer. The reason is same like other 


core-shells we discussed earlier as the growth of the shell results in strain and the 


formation of defect states at the core/shell interface or within the shell.  


 


Fig 5.17: Urbach energy plot for (left) CdSe and (right) CdSe-TiO2 


                    Table 5.5: Calculation of band gap and Urbach energy 


Sample name Urbach energy (meV) Band gap (eV) 


CdSe 1001 2.44 


CdSe-TiO2 3225 2.33 


 


Using the band gap of the nanostructures, we have schematically represented charge 


separation diagram represented in fig. 5.18. 
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Fig 5.18: Transition from TYPE 1 to TYPE 2 in core-shell CdSe-TiO2 nanocomposites 


Fig. 5.18 shows the band edge alignments in bulk (left) CdSe and TiO2. It can be 


clearly seen that the structures form a TYPE 1 heterostructure. But as the size of the 


core (CdSe) is decreased to nanometer, there is increment in band gap due to size 


quantization. When the band gap is increased the conduction band moves upward and 


valence band moves downward. But the shift in conduction band is more prominent 


than that in valence band. Thus as we can see in the band alignment picture (right) in 


nanosize core-shell CdSe-TiO2, it completely attains a TYPE 2 heterostructure which 


favours charge separation by accommodating the electron in the conduction band of 


shell TiO2 and confining the hole in valence band of core CdSe. 


5.6.2  Photoluminescence spectra analysis 


Fig. 5.19 shows the comparative PL spectra of core CdSe and core-shell CdSe-TiO2 


nanocomposites . We can see that that PL peaks are very broad and shows two distinct 


peaks at 525 nm and 600 nm for CdSe nanoparticles. The peaks are visibly red shifted 


in the core-shell structure indicating larger particle size than the core one. The reason 


for the generation of defect-related emission may be that the extremely small diameter 


has a very high surface to-volume ratio, and the high-density dangling bonds and trap 


sites on the surface is easy to be formed and difficult to be passivated. It can be seen 


that the PL intensity is significantly reduced in the core-shell structure which is due to 


very less charge recombination in the sample thus confirming the TYPE 2 structure. 
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Fig 5.19: Comparative PL diagram for CdSe/TiO2 core-shell nanocomposite 


5.6.3  Photocatalytic activity 


 


Fig 5.20: (a) Absorbance of methylene blue in presence of catalyst (b) % degradation 


Table 5.6: Calculation of % degradation under different illumination time 


  


The photocatalytic experiment for both core CdSe and core-shell CdSe-TiO2 


nanostructure were carried out under day light illumination for MB dye. The catalyst 


and dye amounts were taken in the same procedure as we have described in section 


5.3.3. The decrease in concentration or degradation of MB from its initial 


concentration (C0) was studied by the decrease in the absorption peak (Ct) of MB 


Sample name % Degradation w.r.t time of irradiation 


10 min 20 min 40 min 60 min 


CdSe 24.8 36 41.2 46.4 


CdSe-TiO2 94.6 95.4 96.7 97.7 


(a) 
(b) 
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solution irradiated for namely 10, 20, 40 and 60 min.  The degradation efficiency of 


MB solution is given by {(A0-At)/A0}×100%.  From the table it is precisely clear that 


the degradation efficiency of the core-shell nanostructure is far better than its core 


counterpart. As it has already been established that for a material to serve as a superior 


photocatalyst, it should fulfill certain criterions namely (1) Charge generation 


throughout the whole solar spectrum and (2) charge separation so that free charge 


carriers are available to take part in the oxidation-reduction reaction for photocatalytic 


degradation. From UV-vis spectra (fig. 5.15), we can see that the core-shell structure 


exhibits very high absorbance throughout the whole solar spectrum. Again. The 


prominent charge separation in core-shell CdSe-TiO2 nanocomposite is established 


through fig. 5.18.This is due to the fact that owing to the TYPE 2 nature of the core-


shell nanocomposite, the charge separation in the sample is very high which allows 


free electrons and holes to take part in oxidation and reduction reaction thus leading to 


enhanced photocatalytic activity. Also as described in chapter 4 (section 4.4), here also 


charge transfer from conduction band of CdSe to same of TiO2 occurs which enhances 


the spatial charge separation reducing the recombination of electron and hole. That is 


why, we have obtained photocatalytic degradation upto an extent of 97.7% in case of 


core-shell CdSe-TiO2 nanocomposites under 60 min daylight illumination for 


degradation of MB dye. 


Conclusion 


Thus in this chapter we have investigated the optical as well as photocatalytic 


properties of two core-shell nanostructure TiO2-ZrO2 and CdSe-TiO2. We also 


answered the questions with which  we started this chapter. We have established from 


the spectroscopic analysis that both TYPE 1 core-shells are transformed to TYPE 2 


due to generation of defect related states and size quantization effect. Further coating 


of TiO2 layer over CdSe greatly enhanced the photocatalytic activity by improving the 


charge separation at the interface of the core-shell nanostructure. 
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