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ABSTRACT 

Nanoscale materials exhibit size dependent physicochemical properties such as optical, 

magnetic, catalytic, etc, which vary significantly from that of bulk materials. Nanocomposites 

are multi-phase materials in which at least one of the phases possesses dimension in nanometer 

range. Nanocomposites are important because of their multifunctional properties and they have 

potential applications in diverse areas such as environmental remediation, catalysis, sensors, 

biomedical and photo-electronics. Various physical and chemical methods have been reported 

for the synthesis of nanocomposites which include chemical vapour deposition, ball milling, 

spray pyrolysis, laser ablation, sol-gel, thermal decomposition, precipitation, hydrothermal, 

and sonochemical methods. 

In the present thesis, synthesis of different nanocomposites, their characterization and studies 

on their optical and magnetic properties have been carried out. After thorough 

characterization, some applications of the nanocomposites have been explored. In the present 

study, three different types of nanocomposites on the basis of matrix used have been 

synthesized; (i) NiO-Al2O3 and PbS-Al2O3 nanocomposites, (ii) CdS-TiO2 and Ag2S-TiO2 

nanocomposites and (iii) CdS--Fe2O3 and ZnO@-Fe2O3 nanocomposites. The 

nanocomposites were synthesized using a facile sol-gel process, a two-step sol-gel process 

followed by thermal decomposition approach and also a one-step thermal decomposition 

approach. The synthesized nanocomposites were characterized using an array of analytical 

techniques. After thorough characterization, the nanocomposites were explored for a few 

applications such as oxidation of styrene, photocatalytic degradation of rhodamine B,        

photo-reduction of Cr(VI) and photocatalytic degradation of congo red in aqueous solutions. 

The thesis consists of seven chapters and a brief description on each chapter is given below. 

Chapter 1 deals with a brief historical background on nanotechnology, general introduction of 

nanoscale materials their types and synthetic methods. A description has been given on the 

nanocomposites, their types and different preparation methods. Various size and shape 

dependent properties of nanocomposites have been discussed with the help of suitable 

examples. At the end, applications of different nanocomposites depending on their optical, 

magnetic and electrical properties have been discussed. 

Chapter 2 deals with the various analytical techniques that were employed for the 

characterization of the synthesized nanocomposites. The techniques that were used include 

powder X-ray diffraction, Fourier transform infrared spectroscopy, Raman spectroscopy, 
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thermal gravimetric analysis, atomic absorption spectroscopy, field emission-scanning electron 

microscopy coupled with energy dispersive X-ray analysis, transmission electron microscopy, 

selected area electron diffraction, diffuse reflectance spectroscopy, UV-visible spectroscopy, 

photoluminescence spectroscopy and surface area measurements. The magnetic properties of 

the synthesized nanocomposites were investigated using a superconducting quantum 

interference device (SQUID) or a vibrating sample magnetometer (VSM) as a function of 

magnetic field and temperature. The applications of the nanocomposites were studied using 

gas chromatography coupled with mass spectroscopy and UV-visible spectroscopy. 

Chapter 3 deals with the synthesis and characterization of nickel oxide-alumina and lead 

sulfide-alumina nanocomposites. These nanocomposites have been discussed in two separate 

sections. 

In the first section, NiO-Al2O3 nanocomposites were prepared by sol-gel method. XRD results 

indicate that the NiO-Al2O3 nanocomposites consist of small NiO crystallites (mean size             

~ 2.6 nm) and FT-IR results on the nanocomposites show characteristic bands due to nickel 

oxide and alumina. Raman spectroscopy results show characteristic bands due to nickel oxide.      

EDX analysis shows the presence of oxygen, aluminium and nickel in the nanocomposites. 

TEM results indicate uniform distribution of NiO nanoparticles in the Al2O3 matrix. Increase 

in the band gap of NiO in the nanocomposites compared to pure NiO nanoparticles is observed 

and the nanocomposites show superparamagnetic behaviour at room temperature. 

In the second section, PbS-Al2O3 nanocomposites were prepared by the sol-gel the method.   

X-ray diffraction results indicate that the PbS-Al2O3 nanocomposites consist of PbS 

nanocrystallites (18.2 to 40.5 nm). FT-IR results on the nanocomposites show characteristic 

bands due to lead sulfide and alumina and Raman spectroscopy results show characteristic 

bands due to lead sulfide. EDX analysis shows the presence of oxygen, aluminium, lead and 

sulfur in the nanocomposites. Transmission electron microscopy images show cube-like and 

flake-like morphology for pure PbS and Al2O3, respectively and TEM images of the 

nanocomposites indicate uniform distribution of PbS nanoparticles on the Al2O3 matrix. 

Diffuse reflectance spectral studies on the nanocomposites indicate near infrared (NIR) 

absorption and they exhibit blue shift of the band gap of PbS compared to pure PbS 

nanoparticles. The photoluminescence studies show characteristic peaks due to excitonic 

emission of PbS nanoparticles in the PbS-Al2O3 nanocomposites. 
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Chapter 4 deals with the synthesis and characterization of cadmium sulfide-titanium dioxide 

and silver sulfide-titanium dioxide nanocomposites. These nanocomposites have been 

discussed in two separate sections. 

In the first section, CdS-TiO2 nanocomposites were prepared by a two-step method. In the first 

step, the TiO2 nanoparticles were prepared by sol-gel method. In the second step, CdS-TiO2 

nanocomposites were prepared by the thermal decomposition of cadmium acetate, thiourea and 

TiO2 nanoparticles in diphenyl ether at 150 oC. The effect of using four different types of TiO2 

(as-prepared sol–gel TiO2 nanoparticles, sol–gel TiO2 after calcination at 500 oC, sol–gel TiO2 

after calcination at 700 oC and macro-crystalline TiO2) on the structure and optical properties 

of the nanocomposites was investigated. The CdS–TiO2 nanocomposites consist of 

nanocrystallites of cubic CdS and anatase TiO2 when as-prepared sol-gel TiO2 nanoparticles, 

sol-gel TiO2 calcined at 500 oC and macro-crystalline TiO2 were used. On the other hand, when 

sol-gel TiO2 after calcination at 700 oC was used, the CdS-TiO2 nanocomposites were found to 

consist of rutile TiO2. In the nanocomposites prepared using as-prepared sol-gel TiO2 

nanoparticles and sol-gel TiO2 after calcination at 500 oC, FE-SEM and TEM results indicate 

uniform distribution of CdS nanoparticles (10.5 ± 1.6 nm) on the TiO2 matrix. In the CdS-TiO2 

nanocomposites, a blue shift of the band gap of CdS compared to bulk CdS is observed. 

In the second section, Ag2S-TiO2 nanocomposites were prepared by a two-step method. In the 

first step, TiO2 nanoparticles were prepared by sol-gel method. In the second step, Ag2S-TiO2 

nanocomposites were prepared by the thermal decomposition of silver acetate, thiourea and 

TiO2 nanoparticles (calcined at 500 oC) in diphenyl ether at 220 oC. The XRD results indicate 

that the Ag2S-TiO2 nanocomposites consist of nanocrystallites of Ag2S and TiO2. The FE-SEM 

images showed that the Ag2S-TiO2 nanocomposites consist of more or less uniform particles 

with close to spherical morphology while the energy dispersive X-ray analysis studies indicate 

the presence of silver, sulfur, titanium and oxygen in the nanocomposites. TEM results indicate 

uniform distribution of Ag2S nanoparticles (8.8 ± 1.9 nm) in the TiO2 matrix. A blue shift of 

band gap of Ag2S in the Ag2S-TiO2 nanocomposites compared to bulk Ag2S is observed. 

Chapter 5 deals with the synthesis and characterization of cadmium sulfide-iron oxide 

nanocomposites and zinc oxide@iron oxide core-shell nanocomposites prepared by the thermal 

decomposition approach. These systems have been discussed in two separate sections. 

In the first section, CdS--Fe2O3 nanocomposites have been prepared by a facile single step 

thermal decomposition approach which involves thermal decomposition of iron 
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acetylacetonate, cadmium acetate and thiourea in diphenyl ether at 200 oC. The effect of 

varying the concentration of iron acetylacetonate, cadmium acetate and thiourea during 

synthesis of the nanocomposites on the crystal phases, microstructure and properties of the 

CdS--Fe2O3 nanocomposites was investigated. The XRD results confirm the presence of CdS 

nanocrystals (1.2 to 2.9 nm) in the CdS--Fe2O3 nanocomposites. FT-IR results on the 

nanocomposites show characteristic bands due to -Fe2O3 and CdS. FE-SEM results indicate 

more or less uniform particles with close to spherical morphology while the energy dispersive 

X-ray analysis studies indicate the presence of cadmium, sulfur, iron and oxygen in the 

nanocomposites. TEM results indicate formation of agglomerated sphere-like particles in the 

nanocomposites. The CdS--Fe2O3 nanocomposites show band gap absorption (1.8 to 2.5 eV) 

and characteristics photoluminescence in the visible region, and exhibit superparamagnetic 

behaviour at room temperature. 

In the second section, ZnO@-Fe2O3 core-shell nanocomposites were prepared by a thermal 

decomposition approach. ZnO nanorods were first synthesized by the calcination of zinc 

acetate at 300 oC. -Fe2O3 nanoparticles were then deposited on the surface of ZnO nanorods 

by the thermal decomposition of iron acetylacetonate at 200 oC in diphenyl ether. XRD studies 

on as prepared and calcined samples suggest the phase of as prepared iron oxide nanoparticles 

as -Fe2O3. FT-IR results on the as prepared iron oxide nanoparticles and ZnO@-Fe2O3        

core-shell nanocomposites show IR bands due to -Fe2O3. FE-SEM images indicate the 

formation of shell of iron oxide on the ZnO nanorods while the energy dispersive X-ray 

analysis studies indicate the presence of zinc, iron and oxygen in the nanocomposites. 

Transmission electron microscopy studies clearly show that the ZnO possesses rod morphology 

(length = 1.1 ± 0.1 μm, diameter = 40 ± 7 nm) and TEM images of the ZnO@-Fe2O3 

nanocomposites show uniform shell formation of -Fe2O3 on the surface of ZnO nanorods and 

thickness of the -Fe2O3 shell varies from 10 to 20 nm. The diffuse reflectance spectra of 

ZnO@-Fe2O3 nanocomposites reveal extended optical absorption in the visible range         

(400–600 nm) and the photoluminescence spectra indicate that the ZnO@-Fe2O3 

nanocomposites exhibit enhanced defect emission. The magnetic measurements on the 

ZnO@-Fe2O3 nanocomposites reveal superparamagnetic behaviour at room temperature with 

characteristic blocking temperature which indicates the presence of iron oxide nanoparticles 

shell on the ZnO nanorods. 
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Chapter 6 deals with the various applications that were explored using the synthesized 

nanocomposites in the present study. NiO-Al2O3 nanocomposites were used as the catalyst in 

the oxidation of styrene. The nanocomposites show better catalytic activity for the oxidation of 

styrene using tert-butyl hydroperoxide as the oxidant and also show higher selectivity for 

styrene oxide with higher total conversion compared to pure NiO nanoparticles. The CdS-TiO2 

nanocomposites were explored as photocatalyst for the photodegradation of rhodamine B and 

reduction of Cr(VI) in aqueous solutions in the presence of sunlight. The CdS–TiO2 

nanocomposites act as good catalyst for the photodegradation of rhodamine B and reduction of 

Cr(VI) compared to pure CdS and TiO2 nanoparticles. The Ag2S-TiO2 nanocomposites were 

found to act as better photocatalyst for the photodegradation of rhodamine B in aqueous 

solution compared to pure Ag2S and TiO2 nanoparticles. The CdS--Fe2O3 nanocomposites and     

ZnO@-Fe2O3 core-shell nanocomposites were explored for the photocatalytic degradation of 

congo red in aqueous solutions in the presence of sunlight. The CdS--Fe2O3 nanocomposites 

show better photocatalytic activity compared to pure -Fe2O3 and CdS nanoparticles. Also, the 

ZnO@-Fe2O3 core-shell nanocomposites show better photocatalytic performance compared 

to pure ZnO nanorods and -Fe2O3 nanoparticles. 

Chapter 7 deals with the overall summary of the work done in the thesis and also discusses 

the future prospects. 
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1.1 Nanotechnology: Historical background 

Nanotechnology can be defined as the technology that deals with fabrication, characterization 

and exploitation of materials with at least one dimension in nanometer range                                         

(1 nm = 10-9 m) [1]. Nanoscience involves the study of natural and manmade materials 

possessing size between 1 and 100 nm [2]. The physicochemical properties of nanoscale 

materials are different from that of bulk materials [3,4]. Nanomaterials were used by people 

unknowingly in the past. For example, ‘The Lycurgus Cup’ consisting of gold and silver alloy 

nanoparticles (Fig. 1.1(a)) were used in the Roman period. This cup shows different colors 

depending on the source of light. If it is illuminated from outside light (reflected light), the cup 

appears green and if it is illuminated from within (transmitted light), it appears red [5]. In 1856, 

Michael Faraday prepared colloidal gold to investigate its optical properties and discussed the 

results in his paper entitled “Experimental relation of gold (and other metals) to light” 

published in Philosophical Transactions [6]. The colloidal solution prepared by Michael 

Faraday is still preserved in the Royal Institution (Fig. 1.1(b)). 

 

Fig. 1.1: Use of nanomaterials in ancient times; (a) The Lycurgus Cup [5] and (b) the gold 

colloid prepared by Michael Faraday [6]. 

The idea of nanotechnology was given first by noble prize winning physicist ‘Richard 

Feynman’ in 29th December 1959. He delivered a lecture titled “There’s Plenty of Room at the 

Bottom, An Invitation to Enter a New Field of Physics” in the Annual meeting of the American 

Physical Society at the California Institute of Technology. In his talk, he suggested the 
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possibility of fabrication of nano-sized materials with the use of atoms as the building blocks 

[3]. The term nanotechnology was proposed by Professor Norio Taniguchi at the International 

Conference on Industrial Production in Tokyo in 1974. He described nanotechnology as the 

field of fabrication and processing of materials by manipulating them at their atomic or 

molecular level [7]. Later in 1980, nanotechnology was extensively promoted by Eric Drexler 

through his book “Engines of Creation: The Coming Era of Nanotechnology” in which he talks 

about the creation of nanometer size machines, robots and tiny computers [8]. 

1.2 Nanomaterials 

Nanomaterials are materials with characteristic properties and functions having at least one 

dimension in less than 100 nanometers range [9]. Nanomaterials possess physicochemical 

properties different than that of microscopic and bulk materials due to surface and quantum 

size effects [10,11]. In nanomaterials, as the particle size decreases, the volume fraction of 

atoms at the surface and interfaces increases as compared to the bulk materials. The surface 

atoms possess less number of atoms in their surroundings, i.e., lower coordination and thus 

have higher average binding energy per atom. The changes in the physicochemical properties 

is due to an increase in the surface to volume ratio of nanomaterials [10]. In metals and 

semiconductors, the conduction band electrons are described using ‘particle in a box’ model 

and the density of states and energy of particle depend on the size of box. As the size decreases 

to nano level, the electronic levels form discontinuous states known as discrete energy levels 

in contrast to continuous energy levels in the bulk materials. This is known as quantization 

effect (Fig. 1.2) [12]. The modification of surface properties and discontinuities in the band 

energy levels lead to variation in the properties of nanomaterials such as band gap, density of 

states, electron affinity, ionization potential, mechanical, magnetic, electrical and thermal 

conductivity [10,13]. Other properties of materials such as melting point, lattice constant and 

stabilization of crystallographic phases are also affected by reduction in size to nano level [10]. 
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Fig. 1.2: Electronic energy levels in a semiconductor depending on the number of bound atoms 

(adapted from ref. [12]). 

1.2.1 Types of nanomaterials 

The nanomaterials, depending on their size, shape and composition, have been classified into 

different categories [1,14]. 

Nanoparticles: 

Nanoparticles are particles that have atleast one dimension in the 1-100 nm range and examples 

are shown in Fig. 1.3. They often possess unexpected interesting optical and magnetic 

properties due to their small size [4]. The nanoparticles can be further classified into: 

i) 0 dimensional nanoparticles (0 D), e.g. Quantum dots 

ii) 1 dimensional nanoparticles (1 D), e.g. nanowires, nanotubes, nanorods 

iii) 2 dimensional nanoparticles (2 D), e.g. nanorice, nanobars 

iv) 3 dimensional nanoparticles (3 D), e.g. dendrimers, graphene 
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Fig. 1.3: TEM images elucidating different types of nanoparticles: i) PbS quantum dots [15], 

ii) ZnO nanorods [16], iii) rice-shaped NaLnF4 [17] and iv) Poly (2-dimethylaminoethyl 

acrylate) (PDMAEA) dendrimers [18]. 

Nanocomposites: 

Nanocomposites are materials made up of two or more components with distinct physical and 

chemical properties. At least one of the components should possess one of its dimensions in 

the nanometer range (1-100 nm) [19]. Fig 1.4(a) shows the schematic diagram of a polymer 

nanocomposite, where inorganic nanoparticles (red) are dispersed on the polymeric matrix 

(blue). Fig 1.4(b) show the SEM image of polystyrene/Ag nanowire nanocomposite as the 

example of polymer nanocomposite [20], Fig 1.4(c) shows the schematic diagram for a ceramic 

nanocomposite, glass mixed with nanoparticles to obtain different colours [21] and Fig 1.4(d) 

shows the TEM image of GaPd2/SiO2 as an example of ceramic nanocomposite [22]. 
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Fig. 1.4: (a) Schematic diagram of a polymer nanocomposite, (b) SEM image of 

polystyrene/Ag nanowire nanocomposite, (c) schematic diagram for a ceramic nanocomposite 

and (d) TEM image of GaPd2/SiO2 nanocomposite [21]. 

Graphene: 

Graphene is an allotrope of carbon in which carbon atoms are bonded (sp2) to each other in a 

hexagonal honeycomb structure. Fig 1.5(a) and 1.5(b) show the schematic representation and 

HRTEM image of a monolayer graphene sheet [23,24]. 

 

Fig. 1.5: (a) Schematic representation and (b) HRTEM image of a monolayer graphene         

sheet [23,24]. 
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Dendrimers: 

Dendrimers are highly branched mono disperse polymers with dimensions in the nanoscale 

range. Due to their unique structure, they are used in different areas of biology and material 

science, e.g. drug delivery, gene transfection, catalysis, photocatalysis activity, molecular 

weight and size determination [25]. Fig. 1.6 shows a schematic representation and TEM image 

of an arene-cored, PEG terminated dendrimers encapsulated gold nanoparticles [26]. 

 

Fig. 1.6: Schematic representation and TEM image of an arene-cored, PEG terminated 

dendrimers encapsulated gold nanoparticles [26]. 

Carbon Nanotubes: 

Carbon nanotube is an allotrope of carbon. Carbon nanotubes have drawn immense research 

attention and have shown great potential applications in many fields due to their exceptional 

structural, mechanical, and electronic properties. Functionalization of CNT with different 

functional groups containing oxygen, organic molecules, polymers, proteins, metal 

nanoparticles, etc., has attracted great interest over the past many years and produced various 

composite materials with specific applications [27,28]. CNTs are mainly classified into two 

types: single-walled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes 

(MWCNTs). MWCNTs consist of cylindrical tubes of sp2 carbons produced by rolling up of 

single or multi-layered graphene (Fig. 1.7) [29]. 
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Fig. 1.7: (a) Roll-up of a graphene sheet leading to three different types of SWCNT and                

(b) structure of a multi-walled carbon nanotube [29]. 

1.2.2 General synthetic methods for the preparation of nanoparticles 

The synthesis of nanoparticles is generally classified into two major approaches (Fig. 1.8) [30]: 

1. Top down approach 

2. Bottom up approach 

Top down approach 

Top down approach involves breaking down larger particles into nano sized particles with the 

help of physical methods such as vapor deposition, high energy ball milling, sputtering, laser 

ablation, ion implantation, arc method, pyrolysis and pulsed laser deposition. 

Bottom up approach 

Bottom up approach involves creation of atoms or molecule species by reduction of metal salts 

or from organometallic precursor complexes by chemical means such as reduction or 

decomposition. The generated species are further aggregated into nanoparticles. The chemical 

means of synthesis of nanoparticles are sol-gel synthesis, micro-emulsion method, 

sonochemical synthesis, co-precipitation, reverse micelle method, hydrothermal method, etc. 

 Out of the two synthetic approaches, bottom up approach (chemical method) is less wasteful 

and the most commonly used. 
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Fig 1.8: Schematic representation of top-down and bottom-up approaches for the synthesis of 

nanomaterials [30]. 

1.3 An Introduction to Nanocomposites 

The field of nanocomposites involves the study of multi-phase materials where at least one of 

the constituent phases has alteast one dimension in 1 to 100 nm range. The structures have 

nanometer scale repeat interfaces between different phases of the contituents [19]. The 

mechanical, electrical, optical, electrochemical, catalytic, and structural properties of the 

nanocomposites differ significantly from that of the individual components. The 

physicochemical properties of the materials show improvement in their properties when the 

particle size of the materials is less than a particular size called “the critical size” [31]. Some 

of the properties of the nanocomposites get enhanced due to interaction of the constituents at 

their interface [32]. Nanocomposites possess many interfaces due to their high surface area. 

The speciality of nanocomposites is their multifunctional properties which arise from the 

combination of different nanomaterials with dissimilar properties [33]. 

The nanocomposites are mainly composed of an inorganic solid dispersed in an organic 

component or vice versa or composed of two or more inorganic phases or organic phases with 

at least one of the phases having at least one of the dimensions in the nanosize range. According 

to their matrix materials, nanocomposites can be classified under three different              

categories [34]: 
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1. Ceramic matrix nanocomposites 

2. Metal matrix nanocomposites 

3. Polymer matrix nanocomposites 

1.3.1 Ceramic matrix nanocomposites 

In ceramic composites, the major part of the material is a ceramic, i.e. a chemical compound 

from the group of oxides, nitrides, borides, silicides, etc. Ceramic materials have properties 

such as good wear resistance and high thermal and chemical stability, but they are brittle. In 

order to overcome this shortcoming, ceramic nanocomposites have been incorporated with 

different materials such as metals, semiconductors and polymers for achieving significant 

enhancement of their mechenical properties [35]. Both the components are finely dispersed in 

each other in order to enhance the desired properties. Ceramic nanocomposites by combination 

of different contituents have been obtained with improved mechanical, optical, electrical and 

magnetic properties. For example, Parchoviansky et al. have studied ceramic nanocomposite 

such as Al2O3/SiC with improved mechanical property [36]. They have reported strengthening 

of Al2O3 matrix (655 ± 90 MPa) after addition of a low volume fraction of SiC particles (20%) 

of suitable size and hot pressing of the resulting mixture (Fig. 1.9). 

 

Fig. 1.9: SEM image of Al2O3/SiC nanocomposite containing 20 vol.% SiC [36]. 
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1.3.2 Metal matrix nanocomposites 

Metal matrix nanocomposites are composed of a ductile metal or alloy as the matrix in which 

nanosized reinforcement materials are incorporated [34]. These composites consist of a metal 

matrix filled with nanoparticles having physical and mechanical properties completely 

different from that of the matrix [37]. They show potential applications in many areas such as 

heavy metal industries including aeronautical industries, motor industries and in the 

development of structural materials [38,39]. Fig. 1.10 shows the TEM image of example of 

Au/Ge bilayer metal matrix nanocomposite. It was found that the Ge nanocrystals embedded 

in the Au matrix show interesting fractal morphologies [40]. 

 

Fig. 1.10: Au/Ge nanocomposite bilayer with interesting fractal Ge nanocrystals [40]. 

1.3.3 Polymer-matrix nanocomposites 

Polymers are long chain macromolecules composed of repeating units of identical structure. 

They are widely used because of their easy production, light weight and ductile nature [41]. 

Polymers have been used as matrix materials incorporated with different reinforcement 

materials having dimension in the nanometer range. Polymer nanocomposites are obtained with 

enhanced properties such as heat and impact resistance and mechanical strength. The 

reinforecement also leads to reduction in flammability, electrical conductivity and gas 

permeability of the polymer nanocomposites [42]. The incorporation of a reinforcement in 

polymer may also impart biodegradation ability to make the polymer ecofriendly [34,43].     

Fig. 1.11 shows the TEM images of Au/polyaniline nanocomposites with different 

morphologies. 
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Fig. 1.11: TEM images of a nanorod (a) and nanosphere (b) of Au/PANI nanocomposites 

clearly showing Au nanoparticles embedded in the polymer matrix [44]. 

1.4 General methods of synthesis of nanocomposites (Fig. 1.12). 

Synthesis of nanocomposites is classified into two categories:  

1. Physical method of synthesis (Top-down) 

2. Chemical method of synthesis (Bottom-up) 

 

Fig. 1.12: Schematic representation of different methods used for the preparation of 

nanocomposites [45]. 

(a) (b) 
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1.4.1 Physical methods 

1.4.1.1 Chemical vapour deposition 

Chemical vapour deposition (CVD) is a widely used method for the synthesis of 

nanocomposites. In chemical vpour depostion, volatile molecular precursors are deposited 

from vapour phase on substrate materials under controlled conditions. The advantages of CVD 

are large scale manufacturing, high growth rate, high flexibility and good control over the 

synthesis process [46]. The saturated vapour of molecules or atoms can be produced by 

different methods such as sputtering [47], laser ablation [48] and thermal evaporation [49].   

Fig. 1.13(a) shows the HR-TEM image of Fe2O3–TiO2 nanocomposites prepared using CVD 

method [46]. The Fourier transform (FT) patterns from regions 1 and 2 prove the presence of 

α-Fe2O3 and anatase TiO2, respectively. Fig. 1.13(b) shows the HAADF-STEM image of the 

Fe2O3–TiO2 nanocomposite at the interface region. 

 

Fig. 1.13: (a) HR-TEM image and FT patterns for Fe2O3–TiO2 nanocomposite and                      

(b) HAADF-STEM image of the Fe2O3–TiO2 nanocomposite at the interface region [50]. 

(a) 

(b) 
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1.4.1.2. Ball milling 

Ball milling is a mechanical grinding process. In this method, nanocomposites are formed by 

breaking and joining of constituent particles in a cylindrical vessel in the presence of steel balls 

(Fig. 1.14(a)). By this process, it is easy to produce nanocomposites in large scale but 

homogeneity interms of size, shape and purity of the nanocomposites produced remain a 

challenge [19]. Some of the examples of nanocomposites prepared by the ball milling method 

are Cu-ZrO2 [51], Ni-Al2O3 [52], NiAl-Al2O3 [53], etc. Fig. 1.14(b) shows the HRTEM image 

and SAED pattern of C60/Co nanocomposites prepared via the ball milling method [54]. 

 

Fig. 1.14: (a) Schematic view of motion of the ball and powder mixture in ball milling [55] 

and (b) HRTEM image and SAED pattern of C60/Co nanocomposite [54]. 

1.4.1.3 Spray pyrolysis 

Spray pyrolysis is a very simple and cost-effective method for the deposition of nanocrystalline 

thin films. The steps involved in the spray pyrolysis method are atomization of precursor 

solution to form aerosol droplets, moving of the resultant aerosol to the substrate and 

decomposition of the precursor on substrate to form powder or film [56]. Some of the 

nanocomposites prepared via spray pyrolysis method are Mn3O4-C [57], Al2O3-ZrO2 [58] and 

Au/TiO2 [59]. Fig. 1.15 shows the two steps fabrication and SEM image of ZnO-SnO2:F 

nanocomposite by spray pyrolysis. 

(a) (b) 
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Fig. 1.15: Schematic representation of the two-step fabrication process of ZnO-SnO2:F 

nanocomposite thin film by spray pyrolysis and the FE-SEM image of ZnO-SnO2:F 

nanocomposite [60]. 

1.4.1.4 Laser ablation method 

In laser ablation technique, a pulse laser having wavelength in the range of 1064 nm is allowed 

to irradiate a solid target either on a substrate or in a liquid medium [61]. The irradiated surface 

is heated up and gets vapourized. At an adequate laser flux, the vapourized material transforms 

into a plasma plume which contains several energetic species including electrons, atoms, 

molecules, ions, clusters, etc. The plasma has characterisitics such as high temperature, high 

pressure and high density. The plasma plume due to pressure difference between the plume and 

the sorrounding atmosphere expands rapidly and cools down. This rapid cooling and 

condensation of plasma plume leads to nucleation and growth of different nanoparticles, 

nanostructures and nanocomposites. The laser ablation setup can be designed in different 

environments namely, vacuum, gaseous and liquid [62]. If the the setup chamber is designed 

in vacuum or gaseous environment to produce thin films, the technique is known as pulse laser 

deposition (PLD). If the synthesis process is carried out in liquid environment to produce 

colloids of nanoparticles, the technique is known as laser ablation liquid (LAL). Some 

examples of the nanocomposites prepared using laser ablation techniques are Sn@SnS [62], 

Ag-SiO2 [63], Ag-Al2O3 [64], graphene oxide (GO)-ZnFe2O4 [65], BiFeO3-MgFe2O4 [66], etc. 

Fig. 1.16(a) shows the schematic representation of preparation of SnO2-rGO nanocomposites 

by LAL method using a Nd:YAG laser (1064 nm) with 10 Hz pulse repetition rate, 10 ns pulse 

duration and 100 mJ per pulse. Fig. 1.16(b) shows the TEM image and SAED pattern, and (c) 

the HRTEM image of the SnO2-rGO nanocomposite [67]. 
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Fig. 1.16: (a) Schematic representation of LAL (laser ablation liquid) -assisted fabrication of 

SnO2–rGO nanocomposite, (b) TEM image and SAED pattern and (c) HRTEM image of the 

SnO2–rGO nanocomposite [67]. 

1.4.1.5 Ion implantation 

In this technique, the matrix materials are targeted with ions. The ions are highly energetic as 

they are accelerated with 10 to 1000 kilovolts of electric field. Ions get saturated to form a layer 

below the target surface layer [68]. The saturation layer can extend from 10 nm upto 1μm, and 

this depends on energy of the ions and composition of the target [69]. Further, individual 

nanoparticles are precipitated by annealing, or bombardment with other ions or                      

electrons (Fig. 1.17). 

 

(a) 

(b) (c) 
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Fig. 1.17: Representation of the ion implantation technique for producing implanted 

nanoparticles, (a) The host matrix is implanted with energetic ions (arrows), (b) a 

supersaturated solid solution is formed below the surface region and (c) the implanted material 

is precipitated into a layer of isolated nanoparticles with varying size [68]. 

Some of the examples of nanocomposites prepared using ion implantation techniques are           

-Fe2O3-TiO2 [69], Fe-SiO2 [70], Au@Ag [71], CdSe-SiO2 [72], PbS-SiO2 [73], and               

Au-polyimide [74]. Fig. 1.18 shows the TEM and HRTEM images for Fe-SiO2 nanocomposite 

prepared using ion implantation method. 

 

Fig. 1.18: (a) TEM image of Fe-SiO2 nanocomposite prepared by ion implantation method,        

(b) corresponding particle size distribution, (c) SAED pattern showing the presence of Fe and 

(d) HRTEM image of the Fe-SiO2 nanocomposite [70]. 
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1.4.2 Chemical methods 

1.4.2.1 Sol-gel 

Sol-gel process is one of the most widely used techniques for the synthesis of nanocomposites. 

It can be defined as hydrolysis and polycondensation of a liquid precusor to solid. Sol-gel 

process involves dissolution of precursor metal salts in a liquid to form a sol. Further, a gel is 

formed by formation of three dimensional polymeric network of metal hydroxide and metal 

alkoxide through oxygen bond formation [75]. Densification and decomposition of the gel at 

high temperature leads to destruction of the metal hydroxide and metal alkoxide network to 

form a solid product. Advantages of sol-gel method include high yield of product, 

homogeneity, low reaction temperature and low production cost [4,76]. Sol-gel method has 

been used to synthesize materials with different shapes including porous structures, fibers, 

dense powders and thin films (Fig. 19(i)) [77]. Heat treatment of gel leads to the formation of 

xerogel due to collaspe of the gel network [75]. When the heating is carried out under controlled 

conditions, the three dimensional gel network is retained leading to the formation of  an aerogel. 

In the case of nanocomposites, sol-gel process is either used as a single process or in 

combination with two-step processes. Some examples of nanocomposites synthesized via      

sol-gel process are SiO2-TiO2 [78], NiTiO3/NiO [79] and Au/ZnO [80]. Fig. 1.19(ii) shows the 

SEM, TEM, and HRTEM images and SAED pattern of Ag/TiO2 nanocables prepared by the 

sol-gel method [81]. 

 

Fig. 1.19: (i) Sol-gel method and its products [77] and (ii) SEM (a), TEM (b and c) and 

HRTEM (d) images of Ag/TiO2 nanocables [81]. 
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1.4.2.2. Thermal decomposition 

In thermal decomposition approach for the synthesis of nanocomposites, two or more 

organometallic metal precursors such as metal acetate, metal acetylacetonate and metal 

carbonyl are decomposed in high boiling solvents (e.g. diphenyl ether, oleic acid, 1-octadecene, 

etc.) at temperatures higher than the decompostion temperature of the precursors (e. g. 150 oC 

to 350 oC). Nanocomposites with tunable optical and magnetic properties can be prepared by 

varying the reaction parameters such as time, temperature and concentration of the precursors. 

Thermal decompostion method can be used solely or in combination with other methods for 

the synthesis of the nanocomposites. Some examples of nanocomposites prepared by the 

thermal decomposition methods are Ag2S-TiO2 [82], Au-Cu2S [83], ZnO-FeWO4 [84], 

Co3O4/ZnO [85], etc. Fig.1.20(i) illustrates the one pot synthesis of EuS-CdS 

hetronanostrucutures [86]. Fig. 1.20(ii) shows the TEM images of Ag2S-TiO2 and Ag2S-SiO2 

nanocomposites prepared by a two step thermal decompositon method, where TiO2 and SiO2 

were prepared by the sol-gel process [82]. 

 

Fig. 1.20: (i) Schematic representation of co-thermal decomposition synthesis, TEM and 

HRTEM images of EuS–CdS heterostructured nanocrystals [86], and (ii) TEM images of 

nanosized islands of Ag2S on the surface of TiO2 particles (a and b) and on the surface of 

amorphous SiO2 particles (c and d) [82]. 

1.4.2.3 Pricipitation method 

Precipitation method (co-precipitation/homogeneous precipitation) is generally used for the 

synthesis of metal oxide-metal oxide nanocomposites. This method involves hydrolysis of 

aqueous solution of metal salt precursors (e.g. chlorides, nitrates, sulfates, acetates, etc.) in the 

presence of water or precipitating agents such as urea, sodium hydroxide, ammonium 



Synthesis and Characterization of Metal Oxide/Metal Sulfide Nanocomposites 

 

19 
 

hydroxide etc., at room temperature or at elevated temperatures leading to the formation of 

metal hydroxides [87]. Metal oxide is formed by further heat treatment of the metal      

hydroxide [88]. When urea is used as the precipitating agent, the method is known as 

homogeneous precipitation. Figs. 1.21(a), (b) and (c) show the TEM and HRTEM images of 

CeO2/Fe2O3 composite nanospindles prepared by the co-precipitation method [89] and Figs. 

1.21(d) and (e) show SEM and TEM images of -Ni(OH)2/graphite nanosheet composite 

prepared by the homogeneous precipitation method [90]. 

 

Fig. 1.21: (a), (b) and (c) TEM and HRTEM images of CeO2/Fe2O3 composite nanospindles 

and (d) and (e) SEM and TEM images of -Ni(OH)2/graphite nanosheet composite [89,90]. 

1.4.2.4 Micro-emulsion method 

Microemulsion method offers a good way to prepare nanocomposites with controlled surface 

and size. Preparation of nanocomposites by microemulsion method involves two steps. First 

step is the preparation of nanoparticles in a water in oil (W/O) emulsion. (W/O) emulsion is a 

surfactant stabilized transparent isotropic liquid medium consisting of nanosized water droplets 

dispersed in oil phase. The surfactant protected water droplets act as micro-reactors for the 

synthesis of nanocomposites and prevent aggregation of particles. The other step in the 

synthesis is to crystallize the nanocomposites by increasing the annealing temperature [91,92].  
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Fig. 1.22(a) shows schematic of the preparation of PVP-modified composite silica coated gold 

nanospheres and quantum dots probe (Au@SiO2-QDs/SiO2-PVP). Figs. 1.22(b) and (c) show 

the TEM images of the composites Au@SiO2 and Au@SiO2-QDs/SiO2-PVP prepared using 

the microemulsion method [93]. 

 

Fig. 1.22: (a) Schematic for the preparation of the PVP modified silica coated gold nanosphere 

composite and quantum dots probe (Au@SiO2-QDs/SiO2-PVP), (b) TEM image of Au@SiO2 

composite and (c) TEM image of composite Au@SiO2-QDs/SiO2-PVP prepared using the 

micro-emulsion method [93]. 

1.4.2.5 Solvothermal/Hydrothermal synthesis 

In this method, the nanocomposites are prepared in a closed vessel known as autoclave by 

chemical reactions under controlled temperature and pressure conditions. Solvents get heated 

above their boiling point by the increase in generated pressures due to heating. When the 

solvent is water, the method is known as hydrothermal. Fig 1.23 shows the TEM and HRTEM 

images of the vertically aligned Bi2Ti2O7-TiO2 composite nanowire arrays prepared via 

solvothermal method [94] and flower-like NiCoP/ZnO nanocomposite prepared via 

hydrothermal method [95]. 

(a) 

(b) (c) 
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Fig. 1.23: (a) TEM and (b) HRTEM images of the vertically aligned Bi2Ti2O7-TiO2 composite 

nanowire arrays [94] prepared by the solvothermal method, (c) TEM and (d) HRTEM images 

of flower-like NiCoP/ZnO nanocomposite prepared by the hydrothermal method [95]. 

1.4.2.6 Sonochemical synthesis 

Sonochemistry is one of the earliest known methods for the synthesis of nanocomposites [13]. 

In sonochemical synthesis, molecules undergo chemical reaction in the presence of ultrasound 

radiation (20 kHz-10 MHz). The main event that occurs in sonochemical synthesis is the 

formation, growth and destruction of the solvent bubbles in the liquid and this is known as 

acoustic cavitation. The bubbles formed are of nanometer size. During the synthesis, the solute 

vapour diffuses into the solvent bubbles and when the size of the bubbles increases beyond a 

certain size they get destroyed. During the destruction of bubbles, very high temperature           

(e.g. 5000 K) is aquired, which is sufficient for breaking of the chemical bonds in the solute 

[96]. Since, the destruction of bubble ocurs in less than a nanosecond, a high cooling rate                   

(e.g. 1011 K/s) is obtained. Sonochemical synthesis products are amorphous because the 

breaking of bonds takes place in gaseous medium and also high cooling rate prevents 

crystallization of the products [91]. Fig. 1.24(a) shows a schematic presentation of 

sonochemical preparation of the GO-Mn3O4 composite. Figs. 1.24(b), (c) and (d) show TEM 

and HRTEM images of GO-Mn3O4 nanocomposite [96]. 
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Fig. 1.24: (a) Schematic representation of sonochemical synthesis of GO–Mn3O4 composite, 

(b) and (c) TEM and (d) HRTEM image of GO–Mn3O4 nanocomposite and its SAED        

pattern [96]. 

1.5 Properties of nanocomposites 

1.5.1 Mechanical properties 

The interesting mechanical properties of nanocomposites are hardness and fracture toughness. 

These properties depend on nature of the matrix and reinforcement and their interaction at the 

interface throughout the material [34]. Fig. 1.25(a) shows a table with values of tensile strength, 

flexural strength and impact strength of pure 1,4-bis (4-amine-phenoxy) sulphone benzene 

epoxy resin (TGBAPSB) and TGBAPSB epoxy resin reinforced with different weight 

percentages (1-5 wt%) of functionalized alumina (F-nAl) nanoparticles [97]. A significant 

enhancement in tensile strength, flexural strength, impact strength (Fig. 1.25(b)) and storage 

modulus (Fig. 1.25(c)) was observed when F-nAl was introduced into the epoxy matrix. In the 

case of F-nAl (5 wt%) reinforced nanocomposite, the mechanical properties were found to be 

decreased compared to the other nanocomposites (1-3%). This is attributed to irregular 

dispersion of alumina nanoparticles within the epoxy matrix [97]. 
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Fig. 1.25: (a) Table with values of tensile strength, flexural strength and impact strength,              

(b) histogram and (c) plot showing increase in the mechanical properties of F-nAl epoxy 

nanocomposites in comparision with pure TGBAPSB [97]. 

1.5.2 Optical properties 

Nanocomposites are widely used as optically interesting materials. Reinforcement of 

semiconductors in different matrix materials such as polymer, ceramic or another 

semiconductor improve many of their optical properties including, absorption, flourescence, 

luminescence and non-linearity [68,69]. The optical properties of nanocomposites can be 

influenced by varying the particle size of constituents and the interaction at their interface. If 

particle size of a semiconductor is below the Bohr radius of both the holes and electrons, strong 

quantum confinement will occur. The quantum confinement will lead to breaking of continuous 

energy levels into discrete energy levels. The band gap and the spacing between these energy 

levels increases with decrease in the particle size of the semiconductor. Thus, the optical 

absorption peak shifts towards higher energies as the particle size decreases [100]. Fig. 1.26(a) 

shows schematic presentation of energy bands of a bulk semiconductor showing the continuity 

of conduction and valence bands separated by a bandgap, Eg. For quantum dots, the continuity 

of energy bands is broken into discrete atomic like energy levels whose energy is determined 

by size of the quantum dot [101]. Figs. 1.26(b) and (c) show visual images of CdSe quantum 

dots excited by a broadband UV lamp and UV-visible absorption (black) and PL emission (red) 

spectra of CdSe quantum dots with different sizes, respectively [102]. 

(b) (c) 

(a) 
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Fig. 1.26: (a) Energy bands of bulk semiconductor (Eg) and for a quantum dot (QD) [101],            

(b) visual images of samples excited by a broadband UV lamp and (c) UV-visible absorption 

(black) and PL emission (red) spectra (excitation at 350 nm) of CdSe quantum dots with 

different sizes [102]. 

Optically interesting nanocomposites are usually prepared by combining optically functional 

materials with processable transparent matrix materials, for example, hierarchical CdS/ZnO 

nanocomposites as shown in Fig. 1.27 [103]. Pure CdS nanoparticles have absorption in the 

visible region whereas ZnO have absorption in the UV region. It is clearly seen in Fig. 1.27(b) 

that the hierarchical CdS/ZnO (CZ) nanocomposites show enhanced visible light absorption 

compared to pure CdS and ZnO in the range 250–750 nm. Figs. 1.27(c) and (d) show the PL 

spectra for hierarchical CdS/ZnO nanocomposite with excitation wavelengths of 420 nm and    

320 nm, respectively [103]. The luminescence intensity of CdS/ZnO nanocomposite is lower 

than that of pure CdS and ZnO. The enhancement in visible light absorption and decrease in 

the luminescence intensity of hierarchical CdS/ZnO nanocomposites is attributed to 

sensitization of the ZnO nanorods by CdS [100,103]. 
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Fig. 1.27: (a) SEM image and (b) UV-visible absorption spectra of CdS/ZnO nanocomposites 

and photoluminescence (PL) spectra of the CdS/ZnO nanocomposites with an excitation 

wavelength of (c) 420 nm, and (d) 320 nm, respectively [103]. 

The optical properties of nanocomposites depend on electron transfer from one semiconductor 

to an other depending on their band edge positions. Based on the band edge positions, 

nanocomposites are broadly classified into three types, as demonstrated in Fig. 1.28 [104]. In 

type I, the band edge positions of semiconductors 1 and 2 are such that all the excited electrons 

and holes are transferred from semiconductor 1 to 2. This type of nanocomposites are not 

photocatalytically useful due to accumulation of elctrons and holes on a single semiconductor, 

e.g. CdTe/ZnSe [105]. In type II nanocomposites, the band edge positions of semiconductors 

1 and 2 are such that the conduction band of semiconductor 1 is lower than that of 

semiconductor 2 and the valence band of semiconductor 1 is higher than that of semiconductor 

2. Thus, the excited electrons can easily move from conduction band of semiconductor 1 to 

semiconductor 2 and holes can move from valence band of semiconductor 2 to 1. This will 

decrease the recombination tendency leading to efficient charge separation. Thus, the charge 

carriers will have longer life-time which results in higher phototocatalytic activity. 
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Fig. 1.28: Different kinds of nanocomposites heterojunctions [104]. 

In type III nanocomposites, both the valence and conduction bands of semiconductor 1 are 

lower than the valence band and conduction bands of semiconductor 2, as shown in Fig. 1.28. 

Such combination of semiconductors are used in Z scheme systems where there is an electron 

mediator or some type of link that connects the two semiconductors. For example, Jiang et al. 

have synthesized In2S3/MoS2/CdS heterostructured nanocomposites (Fig. 1.29) and MoS2 acts 

as the charge-carrier link between In2S3 and CdS [106]. 
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Fig. 1.29: Schematic representation of the charge transfer and separation in In2S3/MoS2/CdS 

heterostructures under visible light [106]. 

1.5.3 Electrical properties 

The incorporation of metal nanoparticles, CNT, graphene and conductive polymers in non 

conducting matix materials lead to nanocomposites with enhanced electrical conducting 

properties [107–109]. Some of the nanocomposites reported with enhanced electrical properties 

are ZnO-graphene oxide [110], and graphene/polyurethane nanocomposites [111]. Wang et al. 

have reported an enhancement of electrical conductivity of Au–LaNiO3 nanocomposite film as 

compared to LNO film [112]. The resistivity of Au–LNO film was 313 μΩ cm which was much 

lower than that of the LNO film (1221 μΩ cm). Fig. 1.30(a) and Fig. 1.30(b) show the           

cross-sectional HAADF and HRTEM images for the Au–LNO nanocomposite film, 

respectively. Fig. 1.30(c) shows the plot of variation of electrical resestivity with temperature 

for LNO and Au-LNO nanocomposite thin films. Both the films exhibit metallic behaviour at 

high temperature. 
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Fig. 1.30: (a) Cross-sectional HAADF image, (b) HRTEM image and (c) temperature 

dependence of resistivity of the Au–LNO nanocomposite thin film [112]. 

1.5.4 Magnetic properties 

The magnetic properties of nanoparticles are different than that of bulk materials and the 

properties depend on their size, shape and composition. Bulk materials exhibiting ferro or ferri 

magnetic nature contain several magnetic domains. However, nanoparticles having size 

comparable to the thickness of a domain consist of a single domain. When the single domain 

particles become much smaller, they show superparamagnetism [113]. Nanoparticles showing 

superparamagnetism are easily magnetized as paramagnets under the influence of an external 

magnetic field but they have much higher magnetic susceptibility compared to the   

paramagnets [88]. 

Nowadays, magnetic nanocomposites have been explored because of their potential 

applications in many areas such as biology, medicine, data storage, parmanent magnet, etc. 

Nanocomposites are magnetic when magnetic species are dispersed in magnetic or 

nonmagnetic matrix materials. Magnetic nanocomposites having both the components as 

magnetic are important because they have higher remanance magnetization and large energy 

product in comparison to typical magnetic materials [19]. The coercivity of nanocomposites 

also increases with the particle size when the particle size is below the critical domain size. 



Synthesis and Characterization of Metal Oxide/Metal Sulfide Nanocomposites 

 

29 
 

Howerever, it starts decreasing with the particle size when the particle size is more than critical 

domain size [20,84,85]. The saturation magnetization and blocking temperature of the 

nanocomposites depend on the composition and particle size of the magnetic species 

[113,115,116]. The magnetic properties of nanocomposites are determined by hysteresis loops 

(M–H) and zero-field cooled/field cooled (ZFC/FC, M–T) curves. As shown in Fig. 1.31(a), 

the saturation magnetization (MS), remanence magnetization (Mr), and coercivity (Hc) can be 

obtained from the hysteresis loop [117]. The variation of magnetization of cobalt-iron oxide 

nanocomposites with field is shown in Fig. 1.31(b) [116]. 

 

Fig. 1.31: (a) Schematic representation of the typical hysteresis loops of magnetic metal oxide 

nanoparticles [117] and (b) M-H curves of cobalt iron oxide nanocomposites with different 

Co/Fe ratios ((a) 0/1, (b) 1/2, (c) 1/1 and (d) 2/1) [116]. 

Nanocomposites not only provide an improved stability to magnetic nanoparticulates, but also 

introduce new physical properties and multi-functional behaviour. Some of the well studied 

magnetic nanocomposites are Fe2O3-TiO2 [118], Fe2O3-CuO [119], Co3O4/ZnFe2O4 [120], 

ZnO/Co3O4 [121], Fe3O4@MnO2@Pt [122], Fe3O4-SiO2 [123], CuO@Fe3O4 [124], etc. As 

shown in Fig. 1.32(a-c), Si et al. have synthesized magnetic silica nanofibrous membranes 

(SNF) with multifunctional properties such as magnetic responsiveness, dye adsorption, and 

emulsion separation [125]. Introduction of NiFe2O4 NPs into pristine SNF create a hierarchical 

porous structure with increased porosity and surface area. In the adsorption-desorption 

isotherm, the NiFe2O4@SNF nanocomposite shows H1 hysteresis in the P/P0 region of           

0.5–0.9, indicating its mesoporous nature (Fig.1.32(d)). Fig. 1.32(e) shows M-H curve for 

NiFe2O4@SNF nanocomposite with saturation magnetiztion of 13.7 emu g-1 which is less than 

that of pure NiFe2O4 (50 emu g-1). 
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Fig. 1.32: (a) TEM image, (b) HRTEM image and (c) SAED pattern of NiFe2O4@silica 

nanofibers (SNF), (d) N2 adsorption–desorption isotherms of SNF, gelatin/SNF, and 

NiFe2O4@SNF and (e) magnetic hysteresis of NiFe2O4@SNF measured at 300 K [125]. 

1.6 Applications of nanocomposites 

1.6.1 Electrochemical application 

Nowadays, due to an increase in consumption of energy there is increasing need for harnessing 

pollution free renewable sources, their proper storage and distribution. Significant amount of 

research has been carried out on development of materials for energy storage                

applications [126]. Rechargable lithium-ion batteries are frequently used in energy storage and 

energy conversion devices [127,128]. Nanocomposites offer great potential in the development 

of lithium-ion batteries (LIBs) [126]. Some of the nanocomposites reported as anode materials 

for lithium-ion batteries are -Fe2O3-SnO2 [129], Co3O4/Fe2O3 [130], graphene/Ir [131], 

graphene/Au [132], etc. Fig. 1.33 shows the FE-SEM image (a), HRTEM images (b) and (c), 

and the electrochemical measurements (d) and (e), performed for CoO/CoFe2O4 

nanocomposite (CoO/CoFe2O4 molar ratio 5:1 and the control materials (A = CoO,                         

B = physical mixture 5CoO/CoFe2O4, C = CoFe2O4) [133]. The first charge specific capacities 

for 5CoO/CoFe2O4 nanocomposite, CoO, CoFe2O4 and physical mixture are 844, 475, 1200, 

679 mA h g−1 at a current density of 100 mA g−1, respectively (Fig. 1.33(d)). Also, an overlap 
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was identified only for 5CoO/CoFe2O4 through subsequent two discharge/charge cycles        

(Fig. 1.33(d)), indicating that the reversible capacity of 5CoO/CoFe2O4 is almost constant. 

After 30 cycles, the charge capacities of the control materials dropped to 132, 453, and 150 

mA h g−1 (Fig. 1.33(e), A, B, and C). In contrast, the charge capacity of 5CoO/CoFe2O4 

remained constant at 735 mA h g−1 (Fig. 1.33(e), D), a value indicative of highly enhanced 

capacity and cycle stability in comparison with the control materials. 

 

Fig. 1.33: (a) SEM image, (b) and (c) HRTEM images of 5CoO/CoFe2O4 nanocomposites,         

(d) first three charge–discharge profiles of 5CoO/CoFe2O4 cycled between 0.01–3.0 V under a 

current density of 100 mA g−1 and (e) cycling behavior of A, B, C, D (5CoO/CoFe2O4) and E 

(3CoO/CoFe2O4) at a rate of 100 mA g−1 [133]. 

1.6.2 Sensors 

Electrochemical gas sensors are gas detectors which work on the principle that when some gas 

is oxided or reduced on an electrode, there is a change in the current across the electrodes. Gas 

detectors are important and useful for medical diagnosis, bioprocesses, beverage industry, and 

pharmaceutical analysis and for sensing potential industrial pollutants such as nitric oxide, 

ethane, and ammonia [134]. Semiconductor gas sensors are highly sensitive at the low ppm 

level. Nanocomposites have potential applications in gas sensing because of enhancement in 

sensors response and good reproducibility due to their high surface area [135]. Some of the 

nanocomposites employed for sensing applications are Cu@Cu2O for glucose detection [136], 

CuO/Co3O4 for fructose sensing [137], WO3-SnO2 nanocomposites for ammonia detection 
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[138] and ZnO–SnO2 for H2 and CO detection [139]. The performance of Ag@iron oxide 

modified electrode for the detection of nitrate was tested by cyclic voltammetry measurements 

[140]. Fig. 1.34(a) shows the cylic voltammetry results for electrodes modified with Fe2O3, Ag 

nanoparticles and Ag@iron oxide in the presence of 20 mM NO ions. The Ag@iron oxide 

nanocomposite modified electrode shows a large peak current at lower negative potential           

(-0.75 V), in the presence of NO3 ions compared to the Fe2O3 modified electrode. A more 

prominent background current was observed for Ag@iron oxide than that for Fe2O3 modified 

electrode due to larger capacitance of double electric layer of the Ag@iron oxide 

nanocomposite. The electrocatalytic activity towards nitrate reduction using the Ag@iron 

oxide nanocomposite modified electrode is higher than that of Fe2O3 modified electrode. The 

mechanism for sensing of nitrate ions is shown in Fig. 1.34(b). The improved performance of 

the nanocomposite is due to enhanced adsorption of the analyte on the iron sites. The adsorbed 

nitrate species undergo further reduction by adjacent Ag nanoparticles [140]. 

 

Fig. 1.34: (a) Cyclic voltammetry of modified electrodes in the presence of Fe2O3, Ag NPs and 

Ag@iron oxide nanocomposite in presence of 20 mM NO3 ions, and (b) schematic of the 

sensing mechanism on Ag@iron oxide nanocomposites [140]. 
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1.6.3 Catalysis 

The benefit of heterogeneous catalysts is that they are easily separated and they have excellent 

reusability. In general, catalysts based on nanocomposites consist of one or more cataytically 

active constituents and a functional support. The interaction of catalytically active constituents 

with the support can improve many properties of the composites including enhancement in 

catalytic activity, life time, selectivity for a specific product and chemical stability [141,142]. 

Nanocomposites show enhanced catalytic activity due to high surface area, high density of 

active sites and synergetic catalytic effect. The synergetic catalytic effect is described as 

cooperative interaction between different constituents and/or active sites of one contituents due 

to which there is enhancement in the catalytic activity of the nanocomposites in comparison 

with the respective individual constituents [141,143]. Some of the recently reported 

nanocomposites used in heterogeneous catalytic reactions are CuO@Fe3O4 for the degradation 

of 2,4-dichlorophenol [124], Cu-SiO2 for production of methanol by hydrogenation of cyclic 

carbonates [144], chitosan-stabilised Cu-Fe3O4 for azide–alkyne cycloaddition reactions [145], 

V2O-WO3 for oxidation of aryl alcohols [146], MgO-ZrO2 for cross aldol reactions [147],      

Au-SiO2 for reduction of nitrophenols [148], etc. Xian-Long Du et al. have reported selective 

hydrogenation of carbon dioxide to methanol by using a simple Cu-Al2O3 as the heterogeneous 

catalyst [149]. Fig. 1.35(a) shows the HRTEM image of the nanocomposite and Fig. 1.35(b) 

shows the scheme for possible products formed on hydrogenation of methyl formates. It was 

found that Cu/Al2O3 nanocomposites with 20% loading of Cu act as better catalyst for the 

selective production of methanol from methyl formates. The table in Fig 1.35(c) lists the results 

on the synthesis of methanol from different formate esters in the presence of Cu/Al2O3 

nanocomposite with 20% Cu loading as the catalyst. For example, ethyl, propyl, and butyl 

formates were selectively hydrogenated to methanol, and the corresponding alcohols were 

obtained in high yield. 
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Fig. 1.35: (a) HRTEM image of Cu/Al2O3 nanocomposite, (b) simple pathways for the 

hydrogenation of methyl formate and (c) results on the selective hydrogenation of various 

formate esters into methanol over fresh 20-Cu/Al2O3 nanocomposite as the catalyst [149]. 

1.6.4 Photocatalysis 

The basic requirement for photocatalysis is the fabrication of efficient photocatalysts which 

must fulfill several conditions such as wide range of solar absorption, effective charge 

separation and high chemical and photochemical stability [104]. The combination of 

appropriate semiconductors can produce composites with enhanced light absorption, effective 

charge separation and improved photostability. These properties of the nanocomposites are due 

to effective band gap arrangements of the constituents and the synergestic interactions at their 

interface. Electrons-holes pairs are produced in semiconductors on light irradiation which 

could be used for carrying out photocatalytic oxidation or reduction [99]. Photocatalytic 

reactions are widely used in green chemistry, e.g. for the (i) photodegradation of  various 

pollutants (organic dyes, phenol, etc.) and (ii) splitting of water. They are briefly described 

below. 
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1.6.4.1 Photodegradation of organic dyes 

Some of the recent nanocomposites reported as phtocatalysts for the photodegradation of 

organic dyes are Cu2O-TiO2 [150], CuS-ZnS [151], CdS-ZnO [152], MoS2-TiO2 [153],       

ZnO–FeWO4 [84], ZnO/Fe2O3/MnO2 [154], polyvinyl acetate/TiO2 [155], ZnS-CdS-TiO2 

[156], CdS-ZnS [157], etc. Fig. 1.36(a) shows the degradation rate of rhodamine B (RhB) under 

solar light irradiation in the presence of pure ZnO, CdS and ZnO/CdS heterostructures [152]. 

The enhancement of photocatalytic activity of the ZnO/CdS hierarchical heterostructures is 

attributed to the coupling of ZnO and CdS nanoparticles. As shown in the schematic 

representation (Fig. 1.36(b)), the band position of CdS and ZnO has a type-II structure. The 

type II band arrangement can effectivley separate electron–hole pairs that are photogenerated 

at the ZnO/CdS interface and inhibits their recombination. When the ZnO/CdS photocatalyst 

is illuminated in the presence of sunlight, the photogenerated electrons are transfered from the 

conduction band of photoexcited CdS to that of ZnO [158]. In this way, better charge separation 

is achieved. Meanwhile, the photogenerated holes transfer from valence band (VB) of ZnO to 

that of CdS. Thus a high concentration of holes in the VB of the CdS nanoparticles is obtained. 

Holes in the valence band of CdS react with OH adsorbed on the surface of the CdS 

nanoparticles to form highly reactive hydroxyl radicals (OH•). The CB electrons (e) 

concentrated on the surface of ZnO interact with dissolved oxygen molecules in water to yield 

oxidative species such as superoxide radical anion (O2
•–) and hydroxyl radical (OH•) which help 

in the decomposition of organic pollutants effectively. 

 

Fig. 1.36: (a) The degradation rate of rhodamine B under solar radiation in the presence of pure 

ZnO, CdS and ZnO/CdS hierarchical heterostructures and (b) schematic illustration of the 

energy band structure and electron–hole pair separation in ZnO/CdS hierarchical 

heterostructures [152]. 
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1.6.4.2 Water splitting 

Production of hydrogen by water splitting in the presence of sunlight has enormous energy and 

environmental applications. Photoinduced water splitting in the presence of sunlight involves 

three steps. In the first step, the photocatalyst absorbs sunlight and produces excited electrons 

and holes. In the second step, these excited electrons and holes come to the photocatalyst 

surface. Finally, on the surface of the photocatalyst, the holes oxidize water to O2 and the 

electrons reduce protons to H2. Fig. 1.37 illustrates the three main steps in water splitting [104]. 

 

Fig. 1.37: Fundamental mechanism of photocatalytic water splitting [104]. 

Some of the reported nanocomposites exhibiting water splitting activity are NiO/TiO2 [159], 

TiO2-Fe2O3 [160], CaMn4O5-lactate [161], CdS-TiO2 [162], Au@r-GO/TiO2 [163], 

u/TiO2 (M = Ag, Pd and Pt) [164], etc. Fig. 1.38(a) shows the TEM and HRTEM images 

of Fe2O3-TiO2 nanocomposite [165]. Fig. 1.38(b) shows a schematic for charge transfer and 

separation in -Fe2O3-TiO2 nanocomposite. The photogenerated electrons will be excited from 

VB of -Fe2O3 to its CB under visible light irradiation. Further, these photoexcited electrons 

transfer to the CB of rutile TiO2 leading to effective charge separation. The photocurrent 

density of -Fe2O3 under visible irradiation gradually increases with increase in the amount of 

TiO2. The nanocomposite with 20 wt% of TiO2 shows the largest photocurrent density as          

0.3 mA/cm2 at 0.4 V vs Ag/AgCl, over 10-fold enhancement compared to -Fe2O3. If the 

amount of coupled TiO2 is increased further, the photocurrent density of -Fe2O3-TiO2 

nanocomposite begins to decrease. According to the inset of Fig. 1.38(c), a large photocurrent 

density corresponds to large detector response for produced O2 in the photoelectrochemical 

water splitting. 
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Fig. 1.38: (a) TEM image of -Fe2O3-TiO2 nanocomposite with its HRTEM image (inset),     

(b) schematic of transfer and separation of visible light excited electrons in the TiO2-Fe2O3 

nanocomposite, and (c) I-V curves in 1 M NaOH (pH = 13.6) under visible light             

irradiation [165]. 

1.6.5 Photovoltaic cell 

Nowadays, quantum dot-sensitized solar cells (QDSSCs) are widely studied because of their 

exceptional optical and electronic properties such as tunable band gap, multiple excitons 

generation leading to better energy conversion and enhanced extinction coefficient [166]. Some 

of the nanocomposite based sensitizers for quantum dot solar cells with visible-light absorption 

are SnO2-TiO2 [167], CdS-TiO2 [166], graphene-PbS [168], ZnO-Ag [169], CuS-ZnS [170], 

CuInS2-ZnO [171], CdTe-TiO2 [172], etc.  

Fig. 1.39(a) shows the current–voltage characterisitic curves for CdS and CuS/CdS sensitized 

solar cells. There is an increase in the overall power conversion efficiency from 2.82% to 3.60% 

due to a large increase in current density (Jsc), when CuS/CdS composite sensitized electrode 

was used instead of CdS. From the measurements of IPCE (incident photon-to-current 

efficiency) it was concluded that the CuS/CdS composite has more sensitization efficiency in 

the visible region due to generation of more photocurrent compared to pure CdS. 
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Fig. 1.39: (a) J−V curves and (b) IPCE data from CdS and CuS/CdS sensitized cells. A 

schematic representation of charge transfer at the interface is shown in inset [170]. 

1.6.6 Biological applications 

For biological applications, nanocomposites are widely studied group of nanomaterials. 

Because of their characteristic properties such as tunable optical, electronic and magnetic 

properties, nanocomposites are of great interest [173,174]. Some of the nancomposites recently 

reported for biological applications are SiO2-TiO2 for selective improvement of 

phosphopeptides [175], Ag-GO for antibacterial activity [176], Ag-GaN for biosensing 

[177,178], CeO2-TiO2 for peroxidase-like activity [179], Fe3O4-SiO2 for drug delivery [180], 

ZnSe/Au for bioimaging [181], etc. Mi et al. have reported biolabeling and fluorescent imaging 

of cancer cells (HeLa cells) using Fe3O4/NaYF4 nanocomposite [182]. Fig. 1.40(a) shows a 

schematic representation of biolabelling of HeLa cells with Fe3O4/NaYF4 nanocomposites 

using EDC/NHS (N-Ethyl-N-[3(dimethylamino)propyl] carbodiimide hydrochloride (EDC) 

and N-hydroxysuccinimide (NHS)) coupling chemistry. The cells which are incubated with 

Fe3O4/NaYF4 nanocomposite labelled transferrin show strong green emission under 980 nm 

excitation, which means that if the nanocomposite is labeled with transferrin it is active and 

can recognize the receptors on the HeLa cells. Fe3O4/NaYF4 nanocomposite moves inside the 

cells due to the transferrin-transferrin receptor interaction on the cell surface. The cell surface 

does not show green emission under 980 nm excitation in control experiments when treated 

with Fe3O4/NaYF4 nanocomposites without in conjugation with transferrin (Fig. 1.40(c). This 

means that transferrin conjugation is required for the HeLa cells recognition. As shown in          

Fig. 1.40(d), the HeLa cells without being incubated with any nanoparticles do not show any 

fluorescence which proves the benefit of using near infrared active nanocomposites for 

fluorescent imaging of biological samples. 
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Fig. 1.40: (a) Schematic representation of biolabelling of HeLa cells with Fe3O4/NaYF4 

nanocomposites using EDC/NHS coupling chemistry and images of live HeLa cells after being 

incubated with Fe3O4/NaYF4 nanocomposites biolabeled with transferrin (b), after being 

incubated with Fe3O4/NaYF4 nanocomposites without transferrin conjugation (c), and without 

incubating with any nanoparticles (d) [182]. The left rows are bright field images, the central 

rows show fluorescent images in dark field and the right rows are the overlays of the left and 

central rows. 
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1.6.7 Multifunctional applications 

Nowadays, fabrication of multifunctional nanocomposites are of great interest due to their 

diverse applications including catalysis, medicine, chemical sensors and adsorption [183]. 

Some of the recent nanocomposites reported having multifunctional applications are 

Fe3O4@C–Au [184], Fe3O4@Ag2Se [185], Fe-Au core-shell nanoparticles [186], etc. Shi et al. 

have reported multifunctional Fe3O4/YVO4:Eu3+@SiO2 nanocomposites with mesoporous, 

magnetic and fluorescent properties [187]. Fig. 1.41(a) and (b) show the TEM images of 

multifunctional Fe3O4/YVO4:Eu3+@SiO2 nanocomposites. Fig. 1.41(c), (d) and (e) show the 

adsorption, magnetic and luminescence properties of Fe3O4/YVO4:Eu3+@SiO2 nanocomposite. 

 

Fig. 1.41: (a) and (b) TEM images of Fe3O4/YVO4:Eu3+@SiO2 nanocomposite, (c) schematic 

representation of the adsorption and separation process for methylene blue removal using 

Fe3O4/YVO4:Eu3+@SiO2 composites, (d) magnetic hysteresis loops for Fe3O4 and 

Fe3O4/YVO4:Eu3+@SiO2 and (e) magnetic response of multifunctional composites under      

UV-irradiation [187]. 
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Aim of the present study 

In the present work, nanocomposites with different compositions have been synthesized using 

(i) a facile sol-gel process, (ii) sol-gel process followed by thermal decomposition approach 

and (iii) one step thermal decomposition approach. Three different types of nanocomposites on 

the basis of different matrices have been synthesized: (i) NiO-Al2O3 and PbS-Al2O3 

nanocomposites, (ii) CdS-TiO2 and Ag2S-TiO2 nanocomposites and (iii) CdS--Fe2O3 and     

ZnO-Fe2O3 nanocomposites. The synthesized nanocomposites were characterized using 

various analytical techniques such as powder XRD, TGA-DTA, FT-IR, Raman, AAS, BET, 

DRS, FE-SEM, SQUID, TEM and VSM. The synthesized nanocomposites were explored for 

a few applications such as oxidation of styrene, photocatalytic degradation of rhodamine B and 

photocatalytic degradation of congo red in aqueous solutions. 
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In the present study, different characterization techniques were used for the determination of 

various parameters such as phase, crystallinity, crystallite size, thermal decomposition 

behaviour, elemental composition, morphology, magnetic behaviour, optical properties and 

catalytic properties of the synthesized nanocomposites. The techniques used were powder       

X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FT-IR), Raman 

spectroscopy, thermal gravimetric analysis (TGA), field emission-scanning electron 

microscopy (FE-SEM) coupled with energy dispersive X-ray analysis (EDXA), transmission 

electron microscopy (TEM), selected area electron diffraction (SAED), diffuse reflectance 

spectroscopy (DRS), photoluminescence spectroscopy (PL), surface area measurements (BET) 

and atomic absorption spectroscopy (AAS). The magnetic properties of the nanocomposites 

were investigated using a superconducting quantum interference device (SQUID) or a vibrating 

sample magnetometer (VSM). Catalytic applications of the nanocomposites were studied using 

gas chromatography coupled with mass spectroscopy (GC-MS) and UV-visible spectroscopy. 

More details on the sample preparation and data acquisition for each of the above techniques 

are discussed below. 

2.1 Powder X-ray diffraction (XRD) 

X-ray powder diffraction is a widely used technique in solid state chemistry for phase 

determination, structural information and crystallite size estimation [1]. This method is based 

on the principle that when parallel monochromatic X-rays are allowed to fall on a crystal plane 

with interplanar spacing d, the X-rays get diffracted at an angle . The diffracted beam intensity 

is recorded on the detector as a function of diffraction angle. The wavelength of incident X-ray 

is related to the angle of diffraction by the following Bragg’s equation (equation 1) [2]: 

                                                                  𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                      (1) 

 Where n is order of the diffraction. For n = 1, diffraction is first order, is wavelength of        

X-rays and is the angle of diffraction.  

In the present study, the X-ray diffraction patterns of the synthesized nanocomposites were 

recorded using a Brucker AXS-D8 diffractometer. The sample preparation was done by placing 

50 to 100 mg of sample powder on the sample holder with a groove and were levelled using a 

glass slide. The instrumental parameters for the measurements and data evolution were given 

using DIFFRACplus and EVA® software, respectively. The instrumental parameters during the 

powder XRD measurements of the samples were: Cu-Kradiation (1.5406 Å) as the           
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X-ray source with 40 kV and 30 mA. The 2range was between 5° and 90° and the goniometer 

scan speed was 1°/min or 2°/min. The X-ray diffraction patterns recorded were evaluated using 

JCPDS (Joint committee on powder diffraction standards) database. The average crystallite 

size of the nanocomposites was estimated using the most intense reflections of the phases by 

Debye–Scherrer formula (equation 2) [3]. 

                                        𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                        (2) 

Where D is the crystallite size in nm, K is a dimensionless constant varying from 0.89 to 1.39 

(K = 0.89 for two dimensional lattices), λ is the wavelength of X-rays, θ is the Bragg angle in 

radians and β is the full width at half maximum in radians. 

2.2 Fourier Transform Infrared Spectroscopy (FT-IR) 

Infrared spectroscopy is a versatile technique used for the determination of characteristic 

functional groups, metal-sulfide bonds, metal-oxide bonds etc., present in the materials. IR 

spectroscopy is useful as one of the characterization techniques in different areas of science 

and technology including chemical, biological, pharmaceuticals, materials, etc [4]. Infrared 

spectra can be recorded for any material (in solid, liquid or gaseous state) excluding metals. 

The infrared absorption is due to vibrational state of molecules having net dipole moment 

during their vibrational movement [5]. 

In the present study, a Thermo Nicolet infrared spectrometer was used for recording the IR 

spectra of NiO-Al2O3 nanocomposites (Chapter 2), PbS-Al2O3 nanocomposites (Chapter 2), 

CdS--Fe2O3 nanocomposites (Chapter 5) and ZnO@-Fe2O3 core-shell nanocomposites 

(Chapter 5) in the range 4000 cm-1 to 400 cm-1 at room temperature. The IR spectral results 

were useful in the characterization of amorphous nanoparticles such as Al2O3 and Fe2O3 due 

to the presence of Al-O and Fe-O stretching bands in the corresponding IR spectra of the 

nanocomposites. Omnic® software was used to input the instrumental parameters for recording 

the IR spectra and their analysis. Potassium bromide (Aldrich®) was used for recording the 

background. The powder samples were mixed with KBr (KBr:sample = 100:1) and grounded 

with help of a pestle and mortar. The homogeneous mixtures were made into pellets using a 

hydraulic press (1500 psi). The pellets were placed inside the sample chamber of the IR 

spectrometer with the help of a sample holder to record the IR spectrum. 
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2.3 Raman Spectroscopy 

Raman spectroscopy is used to study vibrational modes of a molecule [6]. This technique works 

on the principle of inelastic scattering of light from molecules. In inelastic scattering, when a 

monochromatic light fall on the sample there is shift in the frequency of the scattered light. The 

up or down shift in comparison to the incident light with monochromatic frequency depends 

on the nature of vibrational modes of the molecules. This shift is known as Raman shift. Raman 

spectroscopy can be used to study solid, liquid and gaseous samples [7]. It must be noted that 

Raman spectroscopy results are complementary to infrared spectroscopy results. Also, almost 

all molecules are Raman active, e.g., homo atomic molecules are Raman active but they are 

not IR active. 

In the present study, Raman spectra for NiO-Al2O3 nanocomposites and PbS-Al2O3 

nanocomposites (Chapter 3) were recorded at room temperature using a RENISHAW in Via 

Raman spectrophotometer with 514 nm Ar ion laser, a CCD (Charge Coupled Device) detector 

and a 50× objective lens. For the measurement, the powder sample was placed on a clean glass 

substrate under 50× objective lens and the measurement was carried out in the range 200 to 

1400 cm-1. All the spectra were recorded using a low laser power of 1 mW in order to prevent 

destruction of the samples. The instrument was calibrated before the sample measurements 

using a silicon reference at 520 cm-1. 

2.4 Thermal Gravimetric Analysis (TGA) 

Thermal gravimetric analysis is an experimental technique in which weight or mass of the 

sample is recorded as a function of temperature. The sample is heated at constant rate in air or 

an inert atmosphere (e.g. N2) and the result obtained is presented as TGA curve in which weight 

or mass percentage is plotted against temperature [8]. There is change in weight or mass of the 

sample due to different processes that occur during heating of the sample such as evaporation 

of water, oxidation of organic compounds, carbonization of organic matter, oxidation of  

metals, etc [9]. The TGA instrument comprises of a small sample holder pan attached with a 

high precision balance. In the present study, thermal gravimetric analysis (TGA) was carried 

out using a Perkin Elmer Pyris Diamond instrument for as-prepared nickel hydroxide-alumina 

nanocomposites (Chapter-3). About 10 mg of sample was used for the measurement under N2 

(flow rate = 200 mL/min) from 30 to 1000 °C with a heating rate of 10 °C min-1. Thermal 

gravimetric analysis was also carried out for CdS--Fe2O3 (Chapter 5) nanocomposites by using 



Synthesis and Characterization of Metal Oxide/Metal Sulfide Nanocomposites 

 

65 
 

an EXSTAR TG/DTA 6300 instrument under air (flow rate = 200 mL/min) from 25 to          

1000 oC with a heating rate of 10 oC min-1. 

2.5 Atomic Absorption Spectroscopy (AAS) 

Atomic absorption spectroscopy is useful for the quantitative determination of metals present 

at low concentrations (e.g. ppm) in the samples. It is a destructive technique and the working 

principle involves excitation of metal atoms present in the analyte vapour by suitable 

absorption of light at characteristic wavelengths [10]. 

In the present study, the amount of cadmium present in the CdS--Fe2O3 nanocomposites 

(Chapter-5) and the cadmium present after photodegradation of congo red in an aqueous 

solution using CdS--Fe2O3 nanocomposites (Chapter-6) were quantitatively determined using 

a Perkin Elmer AAnalyst 800 atomic absorption spectrometer. Cadmium solutions were 

prepared in the working concentration limit (upto 1.5 ppm) according to the specification of 

the instrument. The standard solutions were prepared by dissolving a known amount of AR 

grade cadmium acetate in Millipore® water followed by dilution. The unknown solutions were 

prepared by digesting known amount of CdS--Fe2O3 nanocomposites in conc. HNO3 followed 

by dilution with Millipore® water. The cadmium lamp ( = 228.8 nm) was inserted into the 

AAS instrument and the columns were washed with Millipore® water before analyzing the 

samples. Mixture of air and acetylene was used to generate flame in the spectrometer. The input 

instrumental parameters were given using WIN lab® software. Firstly, the AAS instrument was 

calibrated using the standard cadmium solutions. Then, the unknown solutions were analyzed 

and the concentrations of cadmium present in the unknown solutions were estimated using the 

calibration curve. 

2.6 Field Emission Scanning Electron Microscope (FE-SEM) and Energy Dispersive        

X-ray Analysis (EDXA) 

Field emission scanning electron microscopy (FE-SEM) is a microscopy technique used to 

study surface structure and morphology (topology) of the materials [11]. In the present study, 

the surface properties and morphology of the samples were studied using a FEI Quanta 200F 

or Carl Zeiss (ULTRA plus) electron microscope. FEI Quanta 200F electron microscope was 

operated at an accelerating voltage of 20 kV and the Carl Zeiss (ULTRA plus) electron 

microscope was operated at an accelerating voltage of 15 kV. The FE-SEM was coupled with 

an energy dispersive X-ray analysis (EDXA) facility for elemental analysis of the samples. The 
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samples were prepared on brass stubs which were cleaned with iso-amyl acetate (RANKEM®) 

and dried by blowing hot air. A small amount of sample powder was spread over the stubs with 

the help of a conducting carbon double sided tape. The sample surface was made conductive 

by gold sputtering for about 70 seconds and at 30 mA to prevent charging effect during the 

measurement. The SEM images of the samples were recorded under high vacuum of about 

1×10-7 Torr. Stigmation was done to remove optical aberration and images were captured at 

different magnifications using a CCD camera. To determine the atomic and weight percent of 

the elements present in the samples, energy dispersive X-ray analysis was carried out 

simultaneously on the FE-SEM images. The EDX analyses were carried out at least at three 

different spots of a single SEM image to determine the uniformity (homogeneity) of a sample 

in terms of elemental composition. 

2.7 Transmission Electron Microscopy (TEM) and Selected Area Electron Diffraction 

(SAED) 

Transmission electron microscope is used to acquire high resolution images. In this technique, 

a beam of electron is permitted to pass through a thin sample under vacuum. The electron beam 

is generated from a tungsten source accelerated through an electric field of 50-300 kV [12]. 

Series of electromagnetic lenses are used to focus the electron beam on to the sample and the 

transmitted electrons are captured on a scintillation screen or an electronic detector to produce 

an image [13]. 

In the present study, TEM images of the nanocomposites were acquired using a FEI TECNAI 

G2 20 S-TWIN electron microscope operating at an accelerating voltage of 200 kV. For the 

TEM measurements, the sample preparation was carried out as follows: about 5 mg each of the 

sample powders was dispersed in about 5 mL of ethanol with the help of a low power sonicator. 

Further, a drop of the prepared dispersion was placed on carbon coated copper grid using a 

micropipette and the grid was allowed to dry in air. The prepared sample grids were inserted 

inside the specimen holder once the desired vacuum (1×10-9 Torr) is achieved using ion getter 

pump and turbo molecular pump. The Z-height of the sample specimen was adjusted to center 

the electron beam on the sample specimen and afterwards, the TEM images were acquired. 

Selected area diffraction pattern (SAED) of the samples was also recorded using the same TEM 

instrument which gives information about crystallinity and characteristic lattice spacing. 
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2.8 Diffuse Reflectance Spectroscopy (DRS) 

When light radiation is incident on a powder, it gets scattered in all directions. This is known 

as diffuse reflection. The reflectance and optical absorption characteristics of nanocomposites 

were investigated using diffuse reflectance spectroscopy. From the reflectance spectra, the 

absorbance of nanocomposites were calculated using Kubelka-Munk equation [14]: 

𝑓(𝑅) =
(1−𝑅)2

2𝑅
=

𝑘

𝑠
=

𝐴𝐶

𝑠
                                (3) 

Where R is the reflectance, k is the molar absorption coefficient, s is the scattering coefficient, 

A is the absorbance and C is the concentration of absorbing species. 

The band gap (Eg) and the absorption coefficient () of a direct band gap semiconductor is 

associated through the equation [15]: 

𝛼ℎ𝜈 = 𝐶1(ℎ𝜈 − 𝐸𝑔)
1/2                                      (4) 

Where  is linear absorption coefficient of the material, hν is the photon energy and C1 is the 

proportionality constant. 

In the present study, diffuse reflectance spectra of the nanocomposites NiO-Al2O3, PbS-Al2O3 

(Chapter 3) and CdS-TiO2 (Chapter 4) were recorded using a Shimadzu UV3600 UV–visible 

NIR spectrophotometer along with a diffuse reflectance accessory (model: ISR-3100). For the 

Ag2S-TiO2 (Chapter 4) and CdS--Fe2O3 (Chapter 5) nanocomposites, the reflectance spectra 

were recorded using a Shimadzu UV–2450 UV–visible spectrophotometer along with a diffuse 

reflectance accessory. The instrumental parameters for the reflectance measurements were: 

mode; % reflectance, slid width; 5 nm, time constant; 0.2 sec. The wavelength range for the 

PbS-Al2O3 nanocomposites was 1000 to 1800 nm and for all the other nanocomposites, the 

wavelength range was 200 to 800 nm. The reflectance spectra for ZnO@-Fe2O3 core-shell 

nanocomposites (Chapter 5) were recorded on a Varian Cary 5000 UV-VIS-NIR 

spectrophotometer attached with a diffuse reflectance accessory. BaSO4 (Aldrich®) was used 

as the reference material in all the measurements and baseline correction was accomplished 

using BaSO4 before recording the reflectance spectra for the samples. For sample preparation, 

about 40 mg of each of the sample powder was mixed with about 4 g of BaSO4 homogeneously 

using a pestle and mortar. The homogeneous mixture was placed in the groove of sample holder 

and pressed with the help of cylindrical glass slide to make it planar. The sample holder was 

then placed inside the reflectance accessory to record the DRS spectrum. 
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2.9 UV-Visible Spectroscopy 

UV-visible spectroscopy was used for monitoring the photodegradation and catalytic reactions. 

In the present study, the UV-visible absorption measurements were carried out during the 

photodegradation of rhodamine B (Chapter 6) and congo red (Chapter 6) using a Shimadzu 

UV–2450 UV–visible spectrophotometer in the spectral range 200 to 800 nm. UV-visible 

spectroscopy measurements were also carried to determine the band gap absorption for as 

prepared iron oxide nanoparticles, Fe3O4 nanoparticles and ZnO@-Fe2O3 core-shell 

nanocomposite (Chapter 5). The input instrumental parameters were: mode; absorbance, slit 

width; 2 nm and time constant; 0.2 sec. Before recording absorbance of the samples, baseline 

correction was performed by taking Millipore® water in two quartz cuvettes placed in reference 

and sample compartments. Afterwards, the absorbance spectra of the samples were acquired 

by taking two quartz cuvettes one filled with Millipore water as reference and another filled 

with the sample solutions. More details on the photodegradation and photocatalytic 

experiments carried out are given in Chapter 6. 

2.10 Photoluminescence Spectroscopy (PL) 

Photoluminescence spectroscopy is used to study optical properties of the materials. 

Photoluminescence is the emission of light by a (solid, liquid and gas) after absorption of 

electromagnetic radiation. Photoluminescence spectroscopy works on the principle that on 

absorption of electromagnetic radiation, the electrons get excited to a higher energy level and 

when the electrons return to the ground state energy level, they emit radiation of a characteristic 

wavelength [10]. Fluorescence and phosphorescence are two types of photoluminescence. 

When the excited electron returns to the ground state in ‘ns’ time, the emission is known as 

fluorescence and when the emission takes more time, the emission is known as 

phosphorescence [16]. 

In the present study, photoluminescence properties of PbS-Al2O3 nanocomposites (Chapter 3) 

were studied using a FLS980 Fluorescence Spectrometer (Edinburgh Photonics). The 

excitation wavelength was selected as 700 nm and the emission wavelength range was between 

900 and 1150 nm. The photoluminescence spectra for CdS-TiO2 (Chapter 4) and               

ZnO@-Fe2O3 nanocomposites (Chapter 5) were recorded using a Shimadzu RF 5301 PC 

spectrofluorophotometer. The CdS-TiO2 and ZnO@-Fe2O3 nanocomposites were excited with 

excitation wavelengths of 380 nm and 325 nm, respectively. The photoluminescence spectra 

for CdS--Fe2O3 nanocomposites (Chapter 5) were measured using a HORIBA Fluoromax-4 
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spectrofluorophotometer. The excitation wavelength was selected as 360 nm and the emission 

wavelength range was between 350 and 700 nm. 

The sample preparation for the fluorescence measurements was carried out as follows: About 

5 mg of each of the powder samples was dispersed in about 5 mL of water and sonicated for 

10 minutes at room temperature. Then, the suspensions were taken in a quartz cuvette and the 

PL spectra were recorded at room temperature. 

2.11 Surface Area and Pore Size Analyzer (BET method) 

BET (Brunauer Emmitt Teller) method is used for the determination of surface area of solid 

samples from adsorption isotherm measurements. The BET equation is as follows [17,18]: 

1

𝑉(1−(𝑃𝑂 𝑃⁄ ))
=

1

𝑉𝑚𝐶
+

𝐶−1

𝑉𝑚𝐶
(
𝑃

𝑃𝑂
)                         (5) 

Where V is the volume of the gas adsorbed at a relative pressure, P/P0, and Vm is the volume 

of adsorbate gas when the adsorbent surface is covered with a monolayer. The term C is the 

BET constant, which is related to the energy of adsorption in the first adsorbed layer and 

accordingly its value indicates magnitude of the adsorbent/adsorbate interactions. 

In the present study, surface area of the nanocomposites was measured using a NOVA 2200e 

(Quantachrome) autosorb instrument. Prior to the analysis, precisely weighed sample powders 

were degassed in a glass bulb cell at 100 °C for about 2 h. The instrumental parameters for the 

measurement were given using the Quantachrome™ NOVA Win software. After degassing, 

the bulb cell filled with sample was placed on the measurement station dipped in a dewar filled 

with liquid nitrogen. The specific surface area was calculated from the linear part of the 

nitrogen adsorption isotherm [17]. 

2.12 Gas Chromatography-Mass Spectroscopy (GC-MS) 

GC-MS is the combination of gas chromatography and mass spectroscopy. It is used to 

determine different organic constituents present in a sample. Gas chromatography separates 

compounds present in a mixture on the basis of time required for the individual constituents to 

appear at end of the column. MS identifies the species on the basis of mass to charge ratio (m/z) 

of ions produced when the compound is bombarded with different types of particles such as 

electrons [10]. In the present study, Gas chromatography–mass spectrometry (GC–MS) was 

used for the identification and the quantification of the products after oxidation of styrene by 

tert-butyl hydroperoxide (TBHP) in the presence of NiO–Al2O3 nanocomposites as the catalyst 
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(Chapter 3). The analysis was done on a Perkin–Elmer Clarus 680 gas chromatograph coupled 

with a Perkin–Elmer Clarus SQ 8T mass detector. The column (Elite 5MS) used was of length 

30 m, i.d.0.25 mm, film thickness 0.25μm and temperature range was 80–280°C. After the 

catalytic reaction, the products solution mixture was diluted using acetonitrile (1:10) and about 

1-2 μL of the solution was injected into the GC column using a micro syringe for the analysis. 

2.13 Superconducting Quantum Interference Device (SQUID) 

SQUID is a superconducting device used to study magnetic properties of the materials. It 

measures magnetic flux and output voltage or current signal developed around superconducting 

loops consisting of Josephson junctions [19]. A Josephson junction consists of two 

superconductors separated by a thin insulating layer such that electrons can pass through it. 

The movement of current in the absence of applied voltage in the Josephson junction is known 

as Josephson tunneling. The maximum current that a Josephson junction can support without 

developing any voltage across it is called critical current (Ic). In the absence of applied voltage, 

the net magnetic flux across the loop is zero. This is because of opposite and equal magnetic 

flux against the applied magnetic field that develops due to Meissner effect. In the presence of 

a sample, a voltage will develop across the junction due to induced magnetization in the sample 

and the magnetic properties of the materials can be studied by varying the temperature or the 

magnetic field. SQUID is a sensitive device and it can measure low magnetic field up to the 

order of 10-18 T [20]. 

In the present study, magnetic measurements of the NiO-Al2O3 nanocomposites (Chapter 3) 

were carried out using the superconducting quantum interference device (Quantum Design, 

MPMS XL-7) by varying the field up to 7 Tesla at two different temperatures; 300 K and 5 K. 

Field cooled (FC) and zero field cooled (ZFC) magnetization measurements were carried out 

using the same instrument by varying the temperature from 300 K to 5 K under an applied field 

of 100 Oe. 

The sample preparation for the magnetic measurement was done as follows: About 20 to            

40 mg of the sample powder was compactly packed in a sample holder. The sample holder was 

attached to a sample rod with the help of a non-magnetic tape. The sample rod was then inserted 

into a homogeneous magnetic field due to which magnetization was induced in the sample. The 

instrumental parameters for the measurement were given to the magnetometer using MPMS 

multiVu® software. After that, the sample rod was moved along its axis to determine the 

position at which maximum magnetization is induced in the sample at a fixed applied field. 

Later, the magnetization values of the sample were recorded at that optimized position by 
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varying the temperature and the magnetic field. The sensitivity of the SQUID magnetometer 

was about 1×109 emu. 

2.14 Vibrating Sample Magnetometer (VSM) 

Vibrating sample magnetometer is a technique which measures magnetic moment of a sample 

when it is vibrating perpendicularly under a uniform magnetic field [21]. VSM works on the 

principle of Faraday’s Law of induction, which states that when magnetic field is changed 

around a coil it will induce an electric field in it. This electric field induced in the coil is 

measured as to get information about the changing magnetic field [22]. In VSM, the sample is 

subjected to a sinusoidal motion. The electric signal produced on vibration of the sample in 

changing magnetic field is received by pick-up coils. The electrical output signals have the 

same frequency as vibrational motion of the sample and its intensity is proportional to 

magnitude of the magnetic moment of the sample. The data acquired is collected by a computer 

to obtain the magnetization curves. 

In the present study, magnetic measurements of CdS--Fe2O3 nanocomposites (Chapter 5) and 

ZnO@-Fe2O3 core-shell nanocomposites (Chapter 5) were carried out using 3 Tesla cryogen 

free mini Vibrating Sample Magnetometer (VSM) with a pulse cryocooler (CRYOGENICS 

Ltd, UK). The variation of the magnetization with temperature was studied by the same 

instrument in the zero-field-cooled/field-cooled (ZFC/FC) mode under an applied magnetic 

field of 0.05 T, between 4 K and 300 K. The sample preparation for the magnetic measurements 

was carried out as follows: About 10 to 20 mg of the sample was compactly packed in the 

sample capsule. Then, the sample capsule was attached to a sample tube (straw) with the help 

of a non-magnetic tape. The sample tube was fixed with the sample probe vibrator again with 

the help of the non-magnetic tape. After that, the sample probe was placed inside the Cryostat 

magnet having constant magnetic field due to which the sample get magnetized. The input 

instrumental parameters were given using Cryogenics Limited Software which was created 

using the LabVIEW® graphical programming application developed by the National 

Instruments Corporation. The sample probe was moved along its axis under constant magnetic 

field to fix the position of maximum magnetization for the sample. Afterwards, the 

magnetization of the sample was recorded with respect to changing temperature or magnetic 

field. The temperature of the sample was controlled using a Lakeshore model-350 temperature 

controller. 
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3.1 Synthesis and Characterization of NiO-Al2O3 Nanocomposites by Sol-Gel Method 

3.1.1 Introduction 

Due to presence of many phases, nanocomposites possess multi-functional properties [1]. 

Different physical and chemical methods have been reported in the literature to prepare 

nanocomposites. They include chemical vapour deposition, ball milling, spray pyrolysis,            

co-precipitation, hydrothermal, homogeneous precipitation, thermal decomposition, and        

sol-gel methods [2–4]. Among these reported methods, sol–gel method has received 

considerable attention for the synthesis of metal oxides with specific textural and 

microstructural characteristics [5]. It offers many advantages such as good chemical 

homogeneity, high purity, lower calcination temperatures and control of particle size [6]. Some 

of the examples of metal oxide nanocomposites prepared using sol-gel method are Co3O4-TiO2, 

MgO–Al2O3, Au-TiO2, and ZnO-TiO2 [7–10]. 

Nickel oxide is a binary transition metal oxide with a wide range of applications as a p-type 

semiconductor with a wide band gap (3.6–3.8 eV) [11]. Nanostructured NiO shows interesting 

optical, magnetic and electronic properties due to quantum confinement. Alumina is one of the 

most widely used ceramic materials as catalyst, support, adsorbent, and in wear resistant 

coating [12,13]. NiO-Al2O3 nanocomposites have been widely used as catalyst in industrial 

processes such as hydrogenation, dehydrogenation, petroleum refining, methanation, CO2 

reduction and fuel cells [14–19]. They also possess applications in protective barriers, electro 

chromic materials and sensors [20–23]. Different methods such as sol-gel [22–29], 

impregnation [30–33], co-precipitation [34], homogeneous precipitation [35], solid-state 

reaction [36], sonochemical method [37], hydrothermal [38,39], spray pyrolysis [40,41], 

chemical vapour deposition (CVD) [42] and pulse laser deposition [43] have been used for the 

preparation of NiO-Al2O3 nanocomposites. A brief summary on the synthesis of NiO-Al2O3 

nanocomposites by the above mentioned methods are given in Table 3.1. A brief discussion on 

each of these methods is given below. 
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Table 3.1: Different reported methods for the synthesis of NiO-Al2O3 nanocomposites. 

Sl. 

No. 
Method Chemicals used 

Morphology 

of the 

product 

Size Reference 

1. Sol-gel process 

Nickel nitrate and 

aluminum 

isopropoxide 

Nanotubes 8.5-12.8 nm [29] 

2. Impregnation 
Nickel nitrate and 

aluminum  scrap 
Plates 20-28 nm [31] 

3. Co-precipitation 

Nickel nitrate, 

aluminium nitrate 

and ammonium 

hydroxide 

Agglomerated 

particles 
20-40 nm [34] 

4. 
Homogeneous 

precipitation 

Nickel nitrate and 

aluminium nitrate 

and urea 

Needle-like 

crystals 
3 nm [35] 

5. 
Solid state 

reaction 

Nickel oxide and   

-alumina 
Powder - [36] 

6. Sonochemical 

Nickel tetracarbonyl 

and aluminum sec-

butoxide 

Spheres 30 nm [37] 

7. Hydrothermal 
Nickel nitrate, alum, 

and urea 
Nano-flakes 30 nm [38] 

8. Spray pyrolysis 

Nickel nitrate, 

triethanolamine, and 

aluminum tris(sec-

butoxide) 

Spheres 10-100 nm [40] 

9. 

Chemical 

vapour 

deposition 

Nickel bis(1-

dimethylamino-2-

methyl-2-

butanolate), and 

trimethylaluminium 

Thin film 15 nm [42] 
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10. 
Pulse laser 

deposition 
Al2O3 and Ni target Thin film - [43] 

Sol-gel process [29]: The synthesis of NiO-Al2O3 nanocomposites by sol-gel process is 

illustrated in scheme 3.1. In a typical synthesis, first, polymer Pluronic F127 is dissolved in 

ethanol. Then specified amount of nitric acid, nickel nitrate and aluminium isopropoxide are 

added to the above solution with vigorous stirring. The resulting solution is covered with 

polyethylene film to prevent evaporation of ethanol and stirred for 5h at room temperature. 

After that, the solution is kept for drying at 60 oC for 48 hours in air. The collected powder 

samples are calcined at 400oC, 600oC, 700oC, 800oC for 4 h. 

 

Scheme 3.1: Synthesis of NiO-Al2O3 nanocomposites by sol-gel process [29]. 

Crisan et al., [24] have used simultaneous gelation of nickel nitrate hexahydrate and aluminium 

isopropoxide. Shon et al. [26] have used P123 as an organic additive to increase the surface 

area of the NiO-Al2O3 nanocomposites. Zhang et al. [27] have prepared NiO-Al2O3 

nanocomposites by combining sol-gel and impregnation methods. Tadanaga et al. have 

prepared NiO-Al2O3 films coated on soda-lime silica glass plates [28]. Fig. 3.1 shows TEM 

images of nanocomposites prepared using the sol-gel process [44–47]. 
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Fig. 3.1: TEM images of nanocomposites prepared using sol-gel-process; (a) CdSe-Ag hybrid 

nanocomposites (in the inset, HRTEM image), (b) polyurethane acrylate/silica (PUA/SiO2) 

nanocomposite, (c) Cu-doped TiO2–reduced graphene oxide nanocomposite, and (d) RuNi-

doped TiO2–Al2O3 nanocomposite [44–47]. 

Impregnation [31]: In this method, an aqueous solution of nickel nitrate is mixed with calcined 

sol-gel alumina at room temperature. The suspension is maintained at 80 oC under reduced 

pressure for 24 h to completely remove the solvent. After that, the content is dried at 80 oC     

(24 h) and then calcined at 750 oC to the get NiO/Al2O3 nanocomposite. 

Co-precipitation [34]: In this method, aqueous solutions of nickel nitrate and aluminium nitrate 

are mixed in specific proportions with the help of stirring at 60 oC. The pH of the solution is 

increased to 9 by drop wise addition of 5% NH3.H2O solution. The temperature of the solution 

is further increased to 90 oC and kept for 1 h with constant stirring. The precipitate obtained is 

filtered, washed with deionized water and dried in air. 

 

(a) (b) 

(c) 

(d) 
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Homogeneous precipitation [35]: In this method, the metal salt solutions are prepared by 

dissolving specified amounts of nickel nitrate and aluminium nitrate in distilled water. The 

precipitant solution is prepared by dissolving urea in distilled water. The metal solution and 

the precipitant solution are mixed and reacted at 85 oC for 10 h. After this, the precipitates are 

filtered, washed and dried at 110 oC overnight. The dry powders obtained are calcined at          

650 oC to get NiO-Al2O3 nanocomposites. 

Solid state reaction [36]: In a typical synthesis, NiO and -alumina pre-heated at 600 oC for      

6 h are mixed in an agate mortar using acetone as a mixing aid and ethyl cellulose as a binder. 

The mixture is placed on alumina disk support and annealed three times in air at 1400 oC for 

24 h in a furnace to get NiO-Al2O3 nanocomposites. 

Sonochemical synthesis [37]: Sonochemical coating of nanosized nickel has been carried out 

on submicrospherical alumina which is prepared by the hydrolysis of aluminum sec-butoxide 

in a dilute mixture of 1-octanol, 1-butanol, and acetonitrile in the presence of hydroxypropyl 

cellulose (dispersant). An appropriate amount of alumina spheres and nickel tetracarbonyl are 

added to a sonication cell filled with decalin under flowing argon. The irradiation of nickel 

tetracarbonyl and alumina spheres is carried out using a high-intensity ultrasonic Ti-Horn 

(Vibracell, 20 kHz, 100W/cm2) under argon at 0 °C for 1 h. The product is then washed 

thoroughly with hexane in a glove box. The samples obtained are heated at 550 and 700 oC in 

air to get NiO coated Al2O3 microspheres. 

Spray pyrolysis method [40]: In this method, first the precursors alumatrane and nickel 

propionate are prepared in high purity by complex chemical routes. Then, precise amount of 

alumatrane solution and nickel propionate solutions are mixed in ethanol. The resulting 

solution is atomized using an atomizer at ∼60 mL/min to produce an oxygen rich aerosol. The 

aerosol is ignited through methane-oxygen pilot torch in the combustion chamber. The 

combustion of the aerosol occurs at temperatures greater than 1500 °C producing nanopowders 

and gaseous byproducts. The powders are collected in electrostatic precipitators. Fig. 3.2 shows 

the TEM images for NiO-Al2O3 nanocomposite prepared using spray pyrolysis method. 
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Fig. 3.2: TEM micrographs of NiO-Al2O3 nanocomposite prepared by spray pyrolysis method, 

(a) showing distribution of particles throughout the sample and (b) specific weak agglomerate 

showing average particle size < 30 nm [40]. 

Hydrothermal synthesis [38]: In this method, firstly NiAl-LDH precursors are synthesized by 

hydrothermal method and then calcined to get the NiO-Al2O3 nanocomposites. In a typical 

synthesis, specified amount of alum and urea are dissolved in an aqueous solution of nickel 

nitrate under vigorous stirring for 30 minutes at room temperature. After that the solution is 

transferred into a 50 mL Teflon-lined autoclave and heated at 180 oC for 15 h. The precipitate 

obtained is washed and separated by centrifugation and then dried at 60 oC for 4 h. The obtained 

NiAl-LDH powders are calcined at 800 oC for 5 h to get NiO--Al2O3 nanocomposites. 

Chemical vapour deposition [42]: In this method, NiO layers are deposited using MOCVD 

(Metal Organic Chemical Vapour Deposition) from Ni(dmamb)2 (dmamb = 1-dimethylamino-

2-methyl-2-butanolate) in oxygen atmosphere at 315 oC on a polycrystalline 12 nm thick Al2O3 

layer. 

Pulse laser deposition [43]: In this method, a KrF pulsed laser is used to ablate the target in a 

high vacuum chamber (vacuum ∼7×10-8 Torr). The wavelength of the excimer laser is 248 nm 

with a frequency of 5 Hz. The target consists of one piece of high-purity Al2O3 round target 

and a square piece of high-purity Ni target. The deposited thin film is annealed at 600 °C in the 

chamber with an oxygen partial pressure of 5 ×10-2 Torr or in ambient N2 to get Ni/NiO core 

shell nanoparticles deposited on Al2O3. 

(a) (b) 
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Using the reported synthetic methods, it takes about three to six days to prepare the NiO-Al2O3 

nanocomposites. In the present study, NiO-Al2O3 nanocomposites have been synthesized by 

single step sol-gel method using simple precursors (nickel acetate and aluminium 

isopropoxide) which takes shorter time (~48 hours) compared to the reported sol-gel methods 

and impregnation, solid state reaction and spray pyrolysis methods. 

3.1.2 Experimental Details 

Chemicals 

The chemicals used for the synthesis of NiOAl2O3 nanocomposites were aluminium 

isopropoxide (Aldrich), nickel acetate (Aldrich), toluene (Rankem), ammonia solution 

(Rankem), ethanol (Changshu Yangyuan Chemicals, China) and Millipore® water. All the 

chemicals were used as received. 

Synthesis 

The NiOAl2O3 nanocomposites were prepared by sol-gel process. Scheme 3.2 shows the 

schematic representation of synthesis of NiO-Al2O3 nanocomposites by the sol-gel process. 

Nickel acetate and aluminiumisopropoxide were taken in a beaker with different molar ratios 

(0.5:1, 1:1 and 2:1). Then, 80 mL ethanol and 1 mL water were added. The contents were 

stirred for 3 hours at room temperature. Then, 50 mL of toluene and 4 mL of aqueous ammonia 

solution were added with continuous stirring. After a period of 15 minutes, 2 mL of water was 

added for hydrolysis. The contents were kept for stirring for 23 hours at room temperature 

resulting in the formation of sol. The obtained sol was evaporated to get a gel and the gel was 

kept in an oven at 80 oC overnight for drying. The green coloured powder obtained was calcined 

at different temperatures (500 oC, 700 oC and 900 oC) in a muffle furnace to obtain the 

nanocomposites. The designation of various NiOAl2O3 nanocomposites prepared under 

different synthetic conditions is given in Table 3.2. 
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Scheme 3.2: Synthesis of NiO-Al2O3 nanocomposites by sol-gel process. 

Table 3.2: Designation of various nanocomposites prepared in the present study. 

Nanocomposite 

Amount of 

Ni(Ac)2.4H2O 

(mmol) 

Amount of 

Al(iOPr)3  

(mmol) 

[Ni2+ ]:[Al3+] 

LN1 4.5 9 0.5:1 

LN2 9 9 1:1 

LN3 18 9 2:1 

 

 

 

i) Stirred for 3h at RT 

ii) Addition of 50 mL of toluene  

    and 4 mL of 25% aq. NH3 solution 

iii) Stirred for 15 min at RT 

iv) Addition of 2 mL of H2O 

 v) Stirred for 23 h at RT 

Sol 

Evaporation at 80 
o
C 

Gel 

Dried in an oven at 80
o
C 

As-prepared samples  

Calcined at 500 
o
C, 700 

o
C and 900 

o
C  

NiO–Al2O3 nanocomposites  
  

H2O (1 mL) Al(iOPr)3 EtOH (80 mL) Ni(Ac)2.4H2O 
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3.1.3 Results and Discussion 

3.1.3.1 XRD Results 

Fig. 3.3(a) shows the XRD patterns of as-prepared NiOAl2O3 nanocomposites and               

Figs. 3.3(b), (c) and (d) show the XRD patterns of nanocomposites after calcination of samples 

at 500 oC, 700 oC and 900 oC, respectively. The XRD patterns of all the as-prepared 

nanocomposites show peaks at 2= 21.72o, 35.74o, and 61.27o due to Ni(OH)20.75H2O 

(JCPDS file no. = 38-0715). Nanocomposite LN3 shows an additional peak (2) due 

to nickel oxide hydroxide (JCPDS file no. = 401179), one peak (2 13.8o) due to nickel 

acetate hydrate (JCPDS file no. = 491173) and one peak at 219.25o due to Ni(OH)2 

(JCPDS file no. 140117). The XRD patterns of the nanocomposites after calcination at         

500 oC and 700 oC show peaks due to cubic NiO (JCPDS file No. 780643) whereas the XRD 

patterns recorded after calcination at 900 oC show peaks due to NiO and spinel NiAl2O4 

(JCPDS file No. 011299). The crystallite size of pure and NiO in the nanocomposites was 

calculated using Debye–Scherer’s formula. The crystallite size of pure NiO, after calcination 

at 500 oC and 700 oC, were 11.3 nm and 16.4 nm, respectively. The crystallite size of NiO in 

the nanocomposites after calcination at 500 oC varies from 2.6 to 3.5 nm. The crystallite size 

of NiO in the nanocomposites after calcination at 700 oC varies from 2.8 to 3.9 nm. The 

crystallite size of NiO in the nanocomposites increases with an increase in the calcination 

temperature. The crystallite size of NiO in the nanocomposites after calcination at 900 oC could 

not be calculated because at 900 oC nickel aluminate is formed and its XRD peaks overlap with 

that of NiO. Nickel aluminate is formed by incorporation of nickel in boehmite formed during 

the hydrolysis of aluminium isopropoxide followed by calcination at 900 oC [48]. 
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Fig. 3.3: XRD patterns of NiO-Al2O3 nanocomposites: (a) as prepared, (b) after calcination at 

500 oC, (c) after calcination at 700 oC and (d) after calcination at 900 oC. 

3.1.3.2 FT-IR Results 

Fig. 3.4 shows the IR spectra of NiOAl2O3 nanocomposites. All the as-prepared and calcined 

nanocomposites show broad bands due to hydroxyl stretching due to physisorbed water at about 

3400 cm−1. The bands at 2929 cm-1 and 2850 cm-1 are attributed to C-H stretching. The band 

at 1640 cm−1 is assigned to bending vibration of the water molecules. The band at 1410 cm-1 is 

attributed to stretching mode of carbonate ions [49]. The bending vibrational mode of Al-OH 

appears at 1029 cm-1 [50]. The IR band at 674 cm-1 is assigned to Ni-OH bond [49]. After 

calcination at 500 oC, the nanocomposites show bands at 811 cm-1, 598 cm-1 and 489 cm-1. The 

band at 811 cm-1 is attributed to vibrational mode of surface Al-O bond and the band at                  

598 cm-1 is assigned to the stretching vibrational mode of octahedrally coordinated Al-O [24].  
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The band at 489 cm-1 is due to characteristic Ni-O stretching present in pure NiO nanoparticles 

and in all the nanocomposites [24,51]. After calcination, the intensity of the bands at               

3400 cm-1, 2929 cm-1, 1640 cm-1 due to hydroxyl stretching, C-H stretching and O-H bending, 

respectively, decreases in the nanocomposites compared to the as-prepared nanocomposites. 

This is due to loss of water molecules and organic content at higher temperature. The FT-IR 

spectra of the nanocomposites, after calcination at 900 oC, show bands at 733 cm-1 and              

489 cm-1. The band at 733 cm-1 is attributed to tetrahedrally coordinated Al-O bond and the 

band at 489 cm-1 is attributed to characteristic Ni-O stretching [24,51]. In the calcined            

NiO-Al2O3 nanocomposites, the IR bands due to Al-OH and Ni-OH are absent compared to 

the IR spectra of as prepared nanocomposites. 

Fig. 3.4: IR spectra of NiO-Al2O3 nanocomposites: (a) as prepared and (b) after calcination at 

500 oC, (c) after calcination at 700 oC and (d) after calcination at 900 oC. 
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3.1.3.3 Raman Spectroscopy Studies 

Fig. 3.5 shows the Raman spectra of pure NiO nanoparticles and the NiOAl2O3 

nanocomposites. Pure NiO nanoparticles possess Raman bands at 360 cm-1, 527 cm-1,               

690 cm-1 and 1064 cm-1
. The bands at 360 cm-1 and 527 cm-1 are attributed to first order 

transverse optical (1TO) and longitudinal optical (1LO) phonon modes of NiO, respectively. 

The bands at 690 cm-1 and 1064 cm-1
 are assigned to second order transverse optical (2TO) and 

longitudinal optical (2LO) phonon modes of NiO, respectively [52,53].  

The Raman spectrum of nanocomposite LN1 shows bands at 576 cm-1 and 822 cm-1 that could 

be attributed to first order longitudinal optical phonon mode (1LO) and TO + LO mode of NiO 

[52,53]. Nanocomposite LN2 shows only one band at 576 cm-1 that is attributed to first order 

longitudinal optical phonon mode (1LO). Nanocomposite LN3 shows bands at 360 cm-1,            

576 cm-1, and 1050 cm-1. The bands at 360 cm-1 and 576 cm-1 are attributed to first order 

transverse optical (1TO) and longitudinal optical (1LO) phonon modes of NiO, respectively. 

The band at 1050 cm-1
 is assigned to longitudinal optical (2LO) phonon mode of NiO [52,53]. 

The Raman shift of 1LO band at 527 cm-1 in pure NiO nanoparticles to 576 cm-1 in the 

NiOAl2O3 nanocomposites is attributed to the decrease of size of NiO in the NiOAl2O3 

nanocomposites [54,55]. Yang et al. have ascribed the Raman shift to size-induced phonon 

confinement effect and surface relaxation [55]. The intensity of bands at 690 cm-1 (2TO) and 

1064 cm-1 (2LO) decreases from nanocomposites LN3 to LN1. This is also attributed to 

decrease in the size of the NiO nanoparticles in the nanocomposites from LN3 (3.5 nm) to LN1 

(2.6 nm) [54]. When the size of nanoparticles is comparable to exciton diameter of the 

semiconductor (for NiO, it is 7.7 nm) [54], the size confinement leads to a rapid decrease of 

2LO frequency [54,55]. According to Gandhi et al. as the size of NiO nanoparticles decreases, 

the intensity of band at 1064 cm-1 (2LO mode) rapidly decreases which is attributed to finite 

size-effect which confines the lattice vibrations [56]. Also, the intensity of one phonon modes 

(e.g. band 576 cm-1) increases in the nanocomposites compared to pure NiO. This is attributed 

to decrease in the size of NiO in the nanocomposites. Mironova-Ulmane et al. have reported 

an increase in the intensity of one phonon mode bands with decrease in size of NiO and this is 

attributed to the presence of defects or surface effects [53]. 
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Fig. 3.5: Raman spectra of pure NiO and NiO-Al2O3 nanocomposites (LN1, LN2 and LN3). 

3.1.3.4 TGA/DTG Analysis 

Fig. 3.6(a-c) represents TGA patterns of as prepared NiO-Al2O3 nanocomposites. Composite 

LN1 shows a total weight loss of 49.1%. This weight loss occurs in three steps; the first step 

occurs upto 91 oC with a weight loss of 7% due to removal of organic matter (e.g. ethanol), and 

physisorbed water. The second step in the temperature range 100 oC to 250 oC with a weight 

loss of 17.1% arises due to the evolution of interstitial water. The final step is upto 480 oC with 

a weight loss of 26.2% and it is due to the dehydroxylation of boehmite and nickel hydroxide 

into Al2O3 and NiO, respectively [57–59]. Composites LN2 and LN3 show similar TGA 

patterns as that of LN1 with overall total weight losses of 52.2% and 53.1%, respectively. 
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Fig. 3.6: TG-DTG curves of as-prepared nanocomposites LN1 (a), LN2 (b) and LN3 (c). 

3.1.3.5 TEM and EDXA Results 

TEM images of the NiOAl2O3 nanocomposites are shown in Fig. 3.7. The TEM images of 

nanocomposites LN1 (Fig. 3.7(a)) and LN3 (Fig. 3.7(c)) show web-like structures. 

Nanocomposite LN2 (Fig. 3.7(b)) shows larger particles with agglomeration. Inset of image 

Fig. 3.7(a) corresponds to SAED pattern of the NiO where spots observed are due to (200), 

(111), (220) and (311) planes confirming the presence of single crystalline NiO. Inset of image 

Fig. 3.7(b) and Fig. 3.7(c) correspond to SAED patterns of the NiO where rings are observed 

confirming the presence of polycrystalline NiO. 
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Fig. 3.7: TEM images of NiO-Al2O3 nanocomposites calcined at 500 oC: (a) LN1, (b) LN2 and 

(c) LN3. 

Fig. 3.8 shows the EDXA patterns of NiO-Al2O3 nanocomposites (LN1-LN3). The EDX 

analysis shows the presence of oxygen, aluminum and nickel in all the NiO-Al2O3 

nanocomposites. Table 3.3 shows the EDX analysis results of the NiO-Al2O3 nanocomposites 

(LN1-LN3). Nanocomposite LN1 was found to have uniform elemental distribution compared 

to the other two nanocomposites LN2, and LN3 (Table 3.2). In LN1, the %wt. of aluminum 

varies from 25.3 to 25.8 and the %wt. of nickel varies from 39.5 to 40.7. In LN2, the %wt. of 

aluminium varies from 39.2 to 41.2 and the %wt. of nickel varies from 31.9 to 34.6 and in LN3, 

the %wt. of aluminium varies from 4.7 to 18.4 and the %wt. of nickel varies from 59.3 to 71.1. 

 

(a) (b) 

(c) 
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Fig. 3.8: EDXA patterns of NiO-Al2O3 nanocomposites calcined at 500 oC: (a) LN1, (b) LN2 

and (c) LN3. 

Table 3.3 EDX analysis data of the NiO-Al2O3 nanocomposites. 

EDX Analysis Data 

Nanocomposite C O Al Ni 

 Wt% At% Wt% At% Wt% At% Wt% At% 

LN1 
8.2 17.7 19.2 30.9 25.8 24.3 40.7 18.2 

7.3 15.6 19.5 31.2 25.3 23.1 39.5 16.4 

LN2 
8.2 17.7 19.2 30.9 39.2 30.9 34.6 15.2 

7.3 15.6 19.5 31.2 41.2 39.2 31.9 13.9 

LN3 
10.3 26.1 11.9 22.5 18.4 20.7 59.3 30.6 

19.8 49.7 4.5 8.4 4.7 5.3 71.1 36.6 

 

(a) (b) 

(c) 
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3.1.3.6 DRS Results 

NiO is a semiconductor with a bulk band gap of 3.9-3.8 eV [11]. Fig. 3.9 shows the UV-visible 

diffuse reflectance spectral results of pure NiO nanoparticles and NiOAl2O3 nanocomposites 

after calcination at 500 oC. The band gap values of pure NiO and nanocomposites were 

calculated by using the formula as given below: 

𝐸𝑔 =
1240

𝜆 (𝑛𝑚)
 

 NiO nanoparticles show a band gap of 4.0 eV. Nanocomposite LN1, prepared using a molar 

ratio of nickel acetate and aluminium isopropoxide 0.5:1, shows the highest band gap (4.8 eV). 

Nanocomposite LN2, prepared using molar ratio of 1:1, shows a band gap of 4.6 eV and 

nanocomposite LN3, prepared using a molar ratio of 2:1, shows a band gap of 4.5 eV. The 

NiOAl2O3 nanocomposites show an increase in the band gap with decrease in the 

concentration of nickel acetate used during the synthesis. The size of NiO nanoparticles in the 

NiOAl2O3 nanocomposites decreases with the concentration of nickel acetate used during the 

sol-gel process (3.5 nm for LN3 to 2.6 nm for LN1). The increase in the band gap with decrease 

in size of NiO is attributed to quantum size effect. When the size of a particle becomes 

comparable to its Bohr radius (for NiO it is 7.7 nm), the continuous energy levels splits into 

discrete energy levels leading to an increase in the gap between the energy levels [54]. 
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Fig. 3.9: UV-visible diffuse reflectance spectra of NiO-Al2O3 nanocomposites (calcination 

temp. = 500 oC). 

3.1.3.7 Magnetic Measurements 

Fig. 3.10 shows the magnetization versus field curves (M-H) for pure nickel oxide 

nanoparticles and the NiOAl2O3 nanocomposites. Bulk NiO is antiferromagnetic with a Neel 

temperature (TN) of 523 K [60]. Pure NiO nanoparticles calcined at 500 oC show hysteresis at 

5 K with a remanent magnetization (Mr) of 0.27 emu/g and coercivity (Hc) of 1000 Oe; no 

saturation of magnetization is observed (Fig. 3.10(a)). The M-H curve at 300 K shows 

superparamagnetic behaviour. All the NiOAl2O3 nanocomposites show superparamagnetic 

behaviour with no saturation of magnetization at 5 K (Figs. 3.10(b), (c) and (d)). The non-

saturation behaviour of the curves observed at 5 K and 300 K is associated with the 

antiferromagnetic core of the NiO nanoparticles [61]. At 5 K, the Mr and Hc values for the 

nanocomposite LN1 are negligible whereas nanocomposite LN2 shows a Mr value of               

0.17 emu/g and Hc value of 151 Oe. Nanocomposite LN3 exhibits a Mr value of 0.45 emu/g. 

The higher Mr in the case of nanocomposite, LN3 compared to pure NiO nanoparticles, is 

attributed to smaller particle size of NiO in the nanocomposites [38]. The increase in the 

remanent magnetization in case of nanocomposite LN3, compared to nanocomposites LN1 and 

LN2, is due to an increase in the relative concentration of NiO in nanocomposite LN3 [43]. 



Synthesis and Characterization of Metal Oxide/Metal sulfide Nanocomposites 

 

92 
 

Fig. 3.10: M-H curves for (a) NiO nanoparticles and NiO-Al2O3 nanocomposites: (b) LN1, (c) 

LN2 and (d) LN3. 

Fig. 3.11 shows the ZFC and FC curves measured for the NiO-Al2O3 nanocomposites under an 

applied field of 100 Oe. For the ZFC measurement, the samples were first cooled to 5 K in the 

absence of magnetic field. A field of 100 Oe was then applied and magnetization was measured 

with an increase in temperature up to 300 K. For the FC measurement, the sample was cooled 

in the presence of an external magnetic of 100 Oe and then, magnetization of the sample was 

measured with an increase in temperature under the same magnetic field. No peak is observed 

in the ZFC-FC curves for NiO nanoparticles (Fig. 3.11(a)). This is due to the absence of 

antiferromagnetic ordering [61]. A rapid increase in the magnetization at low temperatures is 

observed, which is attributed to the presence of uncorrelated spins on the surface of NiO 

nanoparticles. The ZFC and FC curves of NiO nanoparticles show bifurcation at about 225 K, 
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as reported in the literature [54]. The temperature at which bifurcation of the ZFC and FC 

curves occurs is called as irreversible temperature (Tirr) above which all the spins are unblocked 

[54,61]. The ZFC and FC curves for the nanocomposites LN1, LN2 and LN3 (Fig. 3.11(b-c)) 

show bifurcation at 65 K, 80 K and 110 K, respectively. The bifurcation temperature shifts to 

lower temperature with a decrease in the NiO particle size in the NiOAl2O3 nanocomposites 

[54,61]. 

Fig. 3.11: ZFC-FC curves for (a) NiO nanoparticles and NiO-Al2O3 nanocomposites: (b) LN1, 

(c) LN2 and (d) LN3. 
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3.1.3.8 Surface Area Analysis (BET) 

The BET surface area values for the NiOAl2O3 nanocomposites LN1, LN2 and LN3 are   

336.7 m2/g, 293.7 m2/g and 216.6 m2/g, respectively. The NiOAl2O3 nanocomposites possess 

higher surface area compared to pure alumina (267 m2/g) and pure NiO nanoparticles             

(25.4 m2/g). The surface area of the nanocomposites decreases as the concentration of nickel 

acetate, used during preparation of the nanocomposites, increases from LN1 to LN3. This is 

explained in terms of the formation of relatively larger NiO particles as the concentration of 

nickel acetate is increased [22]. 

3.1.3.9 Mechanism of formation of NiO-Al2O3 nanocomposites 

NiO-Al2O3 nanocomposites are formed via hydrolysis of mixture of nickel acetate and 

aluminium isopropoxide in a mixture of ethanol and water. The hydrolysis of nickel acetate 

leads to the formation of Ni(OH)2 [62,63]. 

Ni(CH3COO)2. 4H2O + 2H2O → Ni(OH)2 + 2CH3COOH + 4H2O 

Aluminium isopropoxide is hydrolyzed to yield an alcohol (ROH, R = (CH3)2CH) and 

hydroxylated aluminium centers (Al–OH) [64]. The Al–OH groups get linked to each other 

via polycondensation which leads to the formation of Al–O–Al network. The number of         

Al–O–Al bonds increases with time and individual molecules are aggregated to form sol, which 

further condenses to form gel of boehmite (AlO(OH)). 

Al(OR)3 + H2O → Al(OR)2(OH) + ROH 

Al(OR)2(OH) + H2O → AlO(OH) + 2ROH 

−Al(OH) + −Al(OH) → Al– O– Al + H2O 

The dehydration of Ni(OH)2 and AlO(OH) (boehmite) (present in as prepared samples as 

confirmed by the XRD results) by calcination (at 500 oC and 700 oC) leads to the formation of 

NiO-Al2O3 nanocomposites [64,65]. 

Ni(OH)2 + 2AlO(OH)
∆
→ NiO − Al2O3 + 2H2O 
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3.1.4 Conclusions 

A sol-gel method for the synthesis of NiOAl2O3 nanocomposites has been described. The 

nanocomposites were characterized using different sophisticated analytical techniques. XRD 

results confirm the presence of small NiO nanocrystallites in the nanocomposites. The 

crystallite size of NiO in the nanocomposites increases with an increase in concentration of 

nickel acetate used during the sol-gel process. EDXA and TEM results suggest uniform 

distribution of small NiO nanoparticles on the surface of alumina with web-like morphology 

for nanocomposites LN1 and LN3. Diffuse reflectance spectral studies indicate higher band 

gap of NiO in the nanocomposites compared to bulk NiO. The band gap of NiO in the 

nanocomposites increases with decrease in the particle size and this is attributed to quantum 

size effect. The nanocomposites exhibit superparamagnetism at 5K and show higher remanent 

magnetization compared to pure NiO nanoparticles. The NiO-Al2O3 nanocomposites are 

expected to be useful as good heterogeneous catalysts. 
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3.2 Synthesis and Characterization of PbS-Al2O3 Nanocomposites by Sol-Gel 

Method 

3.2.1 Introduction  

Synthesis of nanomaterials with tunable optical and photophysical properties has been a subject 

of intense interest [66,67]. Size dependence of band gap in semiconductor nanoparticles is well 

known and varying their size allows tunable optical properties for the semiconductor 

nanostructures [68,69]. Metal sulfides are important materials because of their wide 

applications in optoelectronics and catalysis [70–72]. PbS is an important IV-VI semiconductor 

with rock salt structure with a direct band gap of 0.41 eV. It has a small effective mass of 

charge carriers and a high value of dielectric constant [73]. PbS has a large exciton Bohr radius 

(18 nm) due to which quantum confinement effect is observed even for PbS with relatively 

large particle size [74]. By varying the size and shape of PbS nanoparticles, it has been possible 

to tune the band gap from 0.3 eV to 5.2 eV [74–76]. Due to their unique optical properties, PbS 

based nanomaterials possess various applications in lasers diodes [77], light-emitting diodes 

[78], detectors [79], nonlinear optics [80], single electron devices [81], optical switches [82], 

optical amplification [83], telecommunication [75] and biological imaging [84]. An 

exceptional third order nonlinear optical absorption for PbS nanoparticles has been reported 

[85]. Nanocomposites based on PbS have received considerable interest and PbS 

nanocomposites with Au [86], Ag [87], poly (vinyl alcohol) [88], polystyrene [89], CdS [90], 

Ag2S [91], PbTe [92], PbSe [93], ZnS [94], TiO2 [95] ZnO [96], SiO2 [97] and Fe3O4 [98] have 

been reported. Fig. 3.12(a) shows room temperature PL spectra of apoferritin-PbS 

nanocomposites [99]. Their PL emission maxima are tunable by varying the diameter of PbS 

quantum dots from 2 to 8 nm. Inset of Fig. 3.12(a) shows PL of PbS solution injected within 

the peritoneal cavity of a mouse cadaver and this is an example of bio imaging application of 

apoferritin encapsulated PbS quantum dots. Fig. 3.12(b) shows TEM images of unstained and 

negatively stained apoferritin-PbS nanocomposite. 
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Fig. 3.12: (a) Room temperature PL spectra of PbS quantum dots with different sizes. Inset: 

the PL of PbS solution injected in mice via the peritoneal cavity, and (b) TEM images of 

unstained and (inset) negatively stained apoferritin-PbS [92]. 

Alumina is considered as one of the advanced materials for its wide applications in 

microelectronics, refractories, catalysis, and ceramics [100,101]. In recent times, a lot of work 

has been carried out on alumina supported metal sulfides, e.g. CdS/Al2O3 [102], ZnS/Al2O3 

[103] and NiMoS/Al2O3 [104]. Alumina supported metal sulfides possess applications in water 

splitting [102], photocatalysis [105], H2 production [103] and hydrogenation of tetralin [104]. 

Li et al. have explored photocatalytic application of Al2O3/g-C3N4 nanocomposite. Fig. 3.13(a) 

and (b) show TEM and HRTEM image of g-C3N4-Al2O3 nanocomposite. Fig. 3.13(c) shows a 

schematic representation of electron transfer and radical generation in Al2O3/g-C3N4 

hetreojunction. 
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Fig. 3.13: (a) TEM and (b) HRTEM images of Al2O3/g-C3N4 nanocomposite and (c) schematic 

diagram of electron transfer and radical generation over Al2O3/g-C3N4 heterojunction [105]. 

Sol-gel method has been widely used to prepare metal oxide nanoparticles by hydrolysis of 

metal alkoxides or halides [100]. Materials obtained by this method possess high surface area, 

high porosity and high thermal stability [106]. The advantage of this method is the intimate 

molecular level mixing of the components [107]. Sol-gel method has been used for the 

preparation of PbS nanocomposites [108–111]. Different methods such as electrodeposition 

[112,113], atomic layer deposition [114–116], solid state reaction [117,118] have been used 

for the preparation of PbS-Al2O3 nanocomposites. A brief summary on the synthesis of         

PbS-Al2O3 nanocomposites by the above mentioned methods are describe below (Table 3.4). 

Table 3.4: Different reported methods for the synthesis of PbS-Al2O3 nanocomposites. 

Sl. 

No. 
Method Chemicals used 

Morphology 

of the product 
Size Reference 

1. Electrodeposition  
Al sheets, lead 

chloride and sulfur 
Film 30 nm [112] 

(a) (b) 

(c) 
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2. 
Atomic layer 

deposition 

Trimethyl 

aluminum, lead 

oxide, and 

bis(trimethylsilyl) 

sulfide 

Film 30 nm [115] 

3. 
Solid state 

reaction 

Alumino-alkali-

silicate glass, lead 

chloride and sulfur 

- 5.8–9.7 nm [117] 

Electrodeposition method [112]: PbS nanowires arrays fabricated into alumina membrane have 

been prepared by electrodeposition method. Porous alumina films which are used as templates 

are prepared by two-step anodization process [112]. For the PbS electrodeposition, the alumina 

film is deposited with a Pt film by sputtering to serve as a conductive electrode. Aligned PbS 

nanowire arrays in the anodized alumina membrane (AAM) templates are produced by 

applying AC 12 V (60 Hz) electrodeposition in a dimethylsulfoxide (DMSO) solution 

containing lead chloride and elemental sulfur. After the deposition, the AAM templates with 

PbS nanowires are washed and rinsed with dimethylsulfoxide and then with de-ionized water, 

and finally air dried at room temperature. Chen et al. [113] have also prepared PbS nanocrystals 

in porous alumina membranes. 

Atomic layer deposition method (ALD) [114]: PbS colloidal quantum dots deposited on Al2O3 

film have been prepared by atomic layer deposition (ALD). First, oleylamine coated PbS 

colloidal quantum dots are prepared by thermal decomposition of PbCl2 and elemental sulfur 

at 125 oC in N2 atmosphere. Then, PbS photoelectrodes are prepared by layer by layer 

deposition on a silicon substrate. The PbS photoelectrodes are further passivated with Al2O3 in 

an ALD chamber. First, the ALD chamber is pumped by a turbo molecular pump to a base 

pressure of 10-4 Pa. Samples are then placed on a resistive heating element located at the center 

of the ALD chamber. The samples are successively exposed to trimethyl aluminum and water 

vapor each for a time period of 3 second at a pressure of 5×10-1 Pa. Then, the chamber 

temperature is increased to 100 oC to grow Al2O3. 300 ALD cycles are performed for the 

formation of 30 nm thick pinhole free alumina film. 
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Solid state reaction: Loiko et al. have prepared lead sulfide nanocrystals doped alumina–alkali–

silicates glass [117,118]. The raw materials are weighed and thoroughly homogenized in large-

volume (100 cm-3) corundum crucible. The mixture is then heated at the maximum temperature 

of ∼1400 ± 50 oC in a furnace for 2 h to carry out the synthesis. Further, the melt obtained is 

cast on a steel surface and then calcined at about 400 °C in the muffle furnace for 2 h. The 

optical properties of nanocomposites are studied by annealing them at different temperatures 

(480 oC, 490 oC and 500 oC) for different time intervals (60-150 h). 

In the present study, PbS-Al2O3 nanocomposites were synthesized using lead acetate and 

thiourea using a facile sol-gel process. Sol-gel method has been used to prepare the PbS-Al2O3 

nanocomposites for the first time. 

3.2.2 Experimental Details 

Chemicals 

The chemicals used for the synthesis of PbS-Al2O3 nanocomposites were aluminium 

isopropoxide (Aldrich), lead acetate trihydrate (Merck), thiourea (Rankem), ethanol (Changshu 

Yangyuan Chemicals, China), toluene (Rankem), ammonia solution (Rankem) and Millipore® 

water. All the chemicals were used as received.  

Synthesis 

The PbS–Al2O3 nanocomposites were prepared by the sol-gel process [119]. Scheme 3.3 shows 

the schematic representation of the synthesis of PbS-Al2O3 nanocomposites by sol-gel process. 

Lead acetate, thiourea and aluminium isopropoxide were taken in a beaker with different molar 

ratios (0.25:0.25:9, 0.50:0.50:9 and 1:1:9). Then, 80 mL ethanol and 1 mL water were added. 

The contents were stirred for 3 hours at room temperature. Then, 50 mL of toluene and 4 mL 

of ammonia solution were added with continuous stirring to increase solubility of the 

precursors. After a period of 15 minutes, 2 mL of water was added for further hydrolysis. The 

contents were kept for stirring for about 23 hours at room temperature resulting in the formation 

of sol. The obtained sol was evaporated to get a gel. The gel was kept in an oven at 80 oC 

overnight for drying. Black coloured powders were obtained. The designation of various      

PbS-Al2O3 nanocomposites, prepared in the present study, is given in Table 3.5. 
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Scheme 3.3: Synthesis of PbS-Al2O3 nanocomposites by sol-gel method. 

Table 3.5: Designation of different PbS-Al2O3 nanocomposites synthesized by sol-gel method. 

Nanocomposite 
Pb(Ac)2.3H

2
O 

(mmol) 
(NH2)2CS (mmol) 

Al(iOPr)
3
 

(mmol) 

Crystallite size of 

PbS (nm)  

(from XRD) 

AP1 0.25 0.25 9 18.2 

AP2 0.5 0.5 9 28.4 

AP3 1 1 9 40.5 

 

 

i) Stirred for 3h at RT 

ii) Addition of 50 mL of toluene  

    and 4 mL of 25% aq. NH3 solution 

iii) Stirred for 15 min at RT 

iv) Addition of 2 mL of H2O 

 v) Stirred for 23 h at RT 

Sol 

Evaporation at 80 
o
C 

Gel 

Dried in an oven at 80 
o
C  

PbS–Al2O3 nanocomposites 

H2O (1 mL) Al(iOPr)3 EtOH (80 mL) Pb(Ac)2.3H2O 
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3.2.3 Results and Discussion 

3.2.3.1 XRD Results 

The phase structures of pure PbS, Al2O3 and PbS-Al2O3 nanocomposites were studied by XRD 

measurements. Fig. 3.14(a) represents the XRD patterns of pure PbS and Al2O3 nanoparticles. 

Characteristic diffraction peaks for PbS can be clearly noticed and the peaks at 2θ values of 

25.9°, 30.1°, 43.1°, 50.9°, 53.4°, 62.5°, 68.8°, 70.9°, 78.9° and 84.8° correspond to (111), 

(200), (220), (311), (222), (400), (331), (420), (422) and (511) planes of crystalline PbS 

(JCPDS No. 78-1901), respectively. Sol-gel alumina shows peaks due to aluminium oxide 

hydrate (JCPDS No. 25-0017). Fig. 3.14(b) shows the XRD patterns of PbS-Al2O3 

nanocomposites (AP1, AP2 and AP3). Sharp peaks due to crystalline cubic PbS are observed 

in the nanocomposites. No other impurities were observed and the peaks due to alumina are 

absent in the nanocomposites. The crystallite size of PbS in the nanocomposites, estimated 

using the Debye‒Scherrer’s equation, increases from 18.2 to 40.5 nm (Table 3.5) with an 

increase in the concentration of lead acetate and thiourea used during the preparation of the 

nanocomposites. 

Fig. 3.14: XRD patterns of (a) pure PbS, alumina and (b) PbS-Al2O3 nanocomposites (AP1, 

AP2 and AP3). 

 

 

 

10 20 30 40 50 60 70 80 90

 

 

*
***

#
#

#

##

#

#

#

#

#

Al2O3.H2O

PbS#

*

In
te

n
si

ty
 (

a
.u

.)

2

43 nm

Alumina

PbS

(a) 

10 20 30 40 50 60 70 80 90

 

40.5 nm

28.4 nm
AP3

AP2

In
te

n
si

ty
 (

a
.u

.)

2

AP1

18.2 nm

###
##

#
#

#

#

#

# PbS(b) 



Synthesis and Characterization of Metal Oxide/Metal sulfide Nanocomposites 

 

103 
 

3.2.3.2 FT-IR Results 

The FT‒IR spectral results of pure PbS nanoparticles, alumina and all the PbS‒Al2O3 

nanocomposites (AP1, AP2 and AP3) are shown in Fig. 3.15. The IR spectra of pure PbS, 

alumina and all the nanocomposites show a broad band at about 3334‒3450 cm−1 due to 

hydroxyl stretching of physisorbed water. The bands at about 2934 cm-1 and 2854 cm-1 are 

attributed to asymmetric and symmetric C‒H stretching. The C-H stretching is attributed to the 

presence of small amount of adsorbed organic solvent molecules (e.g. toluene, ethanol) on the 

surface of PbS-Al2O3 nanocomposites. These solvents were used during the sol-gel preparation 

of the PbS-Al2O3 nanocomposites. The band at about 1644 cm−1 is attributed to the bending 

vibration of water molecules. The bands at 1554 cm-1 and 1412 cm-1 are attributed to the 

stretching mode of carbonate ions and C‒O bond, respectively [51]. The band at about           

1070 cm-1 is attributed to the deformation of O‒H group. The bands at 827 cm-1 and 780 cm-1 

are due to the stretching vibration of four coordinated Al‒O of AlO4. The bands at 630 cm-1 

and 470 cm-1 are due to six-coordinated Al–O of AlO6 [100]. The band at 670 cm-1 in pure PbS 

nanoparticles is attributed to Pb‒O stretching; PbO is the photo-oxidation product of PbS [95]. 
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Fig. 3.15: FT-IR spectra of (a) pure PbS, (b) alumina, and (c-e) PbS-Al2O3 nanocomposites 

(AP1, AP2 and AP3, respectively). 
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3.2.3.3 Raman Spectroscopy Studies 

Fig. 3.16 shows the Raman spectra of pure PbS and the PbS-Al2O3 nanocomposites (AP1, AP2 

and AP3). The Raman spectrum of pure aluminium oxide did not show any characteristic band. 

The spectra of pure PbS and the nanocomposites reveal several bands at 72, 204, 351, 475 and 

921 cm-1. The intense narrow peak at 72 cm-1 is attributed to the acoustic mode of PbS [120]. 

The peaks at 205 cm-1 and 475 cm-1 are attributed to first LO phonon and second LO phonon 

modes of PbS, respectively. The weak peak at 351 cm-1 is due to crystal defects. The peak at 

921 cm-1 is the characteristic peak of oxidation product of PbS due to laser induced   

degradation [121]. Other modes such as the transverse optical (TO) and the surface phonon 

(SP) modes are absent in PbS-Al2O3 nanocomposites due to symmetry restrictions and their 

low intensities [110]. 
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Fig. 3.16: Raman spectra of (a) pure PbS, and (b-d) PbS-Al2O3 nanocomposites (AP1, AP2 

and AP3, respectively). 
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3.2.3.4 FE-SEM and EDXA Results 

Fig. 3.17 shows the EDXA patterns of PbS-Al2O3 nanocomposites (AP1-AP3). The EDX 

analysis shows the presence of oxygen, aluminum, lead and sulfur in all the PbS-Al2O3 

nanocomposites. Table 3.6 shows the EDX analysis results for all the PbS-Al2O3 

nanocomposites. Nanocomposites AP1 and AP3 show uniform elemental distribution 

compared to nanocomposite (AP2). In nanocomposite AP1, the %wt. of aluminum varies 

between 19.8 and 20.6, the %wt. of sulfur varies between 28.6 and 29.9 and the %wt. of lead 

varies between 3.3 and 3.6. In the nanocomposite AP3, the %wt. of aluminum varies between 

15.3 and 16.8, the %wt. of sulfur varies between 22.1 and 23.8 and the %wt. of lead varies 

between 5.0 and 5.5. In the nanocomposite AP2, the %wt. of aluminum varies between 21.8 

and 24.2, the %wt. of sulfur varies between 32.3 and 36.9 and the %Wt. of lead varies between 

3.6 and 4.2. 

Fig. 3.17: EDXA patterns for PbS-Al2O3 nanocomposites; (a) AP1, (b) AP2 and (c) AP3. 

 

(a) (b) 

(c) 
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Table 3.6: EDX analysis results of PbS-Al2O3 nanocomposites. 

EDX Analysis Data 

Nanocomposite O Al S Pb 

 Wt% At% Wt% At% Wt% At% Wt% At% 

AP1 

61.5 73.9 19.8 17.8 28.6 10.3 3.5 1.7 

34.4 52.9 20.6 23.8 29.5 10.2 3.6 2.1 

36.6 55.5 19.9 22.7 29.9 10.8 3.3 1.8 

AP2 

17.8 32.6 24.2 33.4 35.9 29.4 3.9 2.6 

17.4 34.0 21.8 32.0 32.3 28.1 4.2 3.1 

19.4 34.8 23.9 32.2 36.2 28.9 3.6 2.4 

AP3 

31.4 56.4 15.3 19.3 22.1 18.5 5.0 3.0 

23.5 44.8 16.8 25.5 23.8 22.8 5.5 3.9 

19.3 38.9 16.7 25.3 23.8 28.8 5.1 3.8 

3.2.3.5 TEM and SAED Results 

Transmission electron microscopy (TEM) was employed to examine the morphology of pure 

PbS, Al2O3 and the PbS-Al2O3 nanocomposites. Fig. 3.18 shows the TEM images of pure PbS, 

and alumina nanoparticles. Pure PbS nanoparticles show cube-like particles with an average 

particle size of 26.2 ± 6.7 nm. The SAED pattern (inset of Fig. 3.18(a)) consists of rings 

attributed to (200), (220), (311), (420), (422) and (511) planes of polycrystalline PbS. Wang Z. 

L. [122] has reported that the shape of a cubic nanocrystals is determined by the ratio of the 

growth rate in the (100) direction to that in the (111) direction. According to Lee et al., when 

the growth rate is high along the (100) facets, PbS cubes are formed [123]. Pure alumina shows 

particles with flake-like morphology and the electron diffraction pattern indicates amorphous 

nature (Fig. 3.18(b)). 
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Fig. 3.18: TEM images of (a) pure PbS and (b) alumina nanoparticles. 

The TEM images of PbS-Al2O3 nanocomposites AP1, AP2 and AP3 (Figs. 3.19(a), (b) and (c), 

respectively) show dispersion of lead sulfide nanoparticles (as dark spots) on the flakes of 

alumina. The inset of Fig. 3.19(a) corresponds to the SAED pattern of nanocomposite AP1 

where no rings or spots due to PbS are observed. In the SAED pattern of nanocomposite AP2 

(inset of Fig. 3.19(b)), the observed rings are attributed to (311), (220), (331) and (511) planes 

of polycrystalline PbS. In the SAED pattern of nanocomposite AP3 (inset of Fig. 3.19(d)), the 

observed rings are attributed to (220), (311), and (422) planes of polycrystalline PbS. 

(b) (a) 
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Fig. 3.19: TEM images of PbS-Al2O3 nanocomposites; (a) AP1, (b) AP2 and (c) AP3. 

3.2.3.6 DRS Results 

Fig. 3.20 depicts the diffuse reflectance spectra of PbS nanoparticles and PbS-Al2O3 

nanocomposites (AP1, AP2 and AP3) in the range 1000 to 1800 nm. Pure PbS and all the 

nanocomposites show absorption in the near infrared (NIR) region.  

(c) 

(b) (a) 
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Fig. 3.20: Diffuse reflectance spectra of pure PbS and PbS-Al2O3 nanocomposites (AP1, AP2 

and AP3). 

The band gap was determined by plotting (h)2 vs. hFig. 3.21 shows the Tauc plots of pure 

PbS and all the PbS-Al2O3 nanocomposites (AP1, AP2 and AP3). Pure PbS nanoparticles show 

band edge at about 0.85 eV and the band gap of bulk PbS is 0.41 eV. The band gap of PbS in 

the nanocomposites varies from 0.92 eV to 0.96 eV. There is blue shift in the band gap of PbS 

and PbS-Al2O3 nanocomposites compared to bulk PbS, which is attributed to quantum 

confinement effect. The broad band at about 1440 nm observed in PbS and in all the PbS-Al2O3 

nanocomposites is due to absorption of water molecules present in these samples [124]. 
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Fig. 3.21: Tauc plots of pure PbS and PbS-Al2O3 nanocomposites (AP1, AP2 and AP3). 

3.2.3.7 Photoluminescence Spectroscopy Studies 

 Fig. 3.22 shows the photoluminescence spectra of pure PbS nanoparticles and PbS‒Al2O3 

nanocomposites (AP1, AP2 and AP3) at excitation wavelength of 700 nm. Two emission bands 

are observed at about 919 nm and 1007 nm. The sharp band at 919 nm is attributed to the band 

edge emission of PbS and the broad band at 1007 nm is due to the recombination of electrons 

trapped in sulfur vacancies with the holes of valence band of PbS [97,125]. A blue shift of PbS 

emission band compared to bulk PbS (∼3020 nm) is observed [126]. 
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Fig. 3.22: Photoluminescence spectra of pure PbS and PbS-Al2O3 nanocomposites (AP1, AP2 

and AP3) (λexc = 700 nm). 

Loiko et al. have reported the optical absorption and photoluminescence of novel alumina 

alkali-silicate glasses doped with PbS quantum dots in the NIR region (800‒1400 nm) [118]. 

Saraidarov et al. have reported optical absorption of PbS‒TiO2 thin film nanocomposites in the 

NIR region (0.7 to 2.7 eV) [127]. Ntwaeaborwa et al. have reported NIR absorption of          

PbS‒ZnO nanocomposites at 1015 nm (0.94 eV) and an excitonic emission due to PbS at    

1396‒1486 nm (0.88‒0.83 eV) [128]. Acharaya et al. have reported absorbance and excitonic 

emission in the NIR region (800‒1200 nm) for PbS‒TiO2 nanocomposites [95].             

Turyanska et al. [129] and Bradshaw et al. [99] have reported emission in the NIR region (1000-

1300 nm) for apoferritin-PbS nanocomposites. Chaudhuri et al. have reported band gap 

absorption in the NIR region (1200‒1600 nm) for PbS-polystyrene nanocomposites [89]. Most 

of the PbS nanocomposites reported with NIR absorption and emission consist of 

semiconductor metal oxides or polymers and the size of PbS nanoparticles varies between 2 to 

10 nm. In the present study, PbS-Al2O3 nanocomposites show NIR absorption and emission 

even though the nanocomposites consist of larger PbS nanoparticles (18.2 to 40.5 nm). 
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3.2.3.8 Mechanism for formation of PbS-Al2O3 nanocomposites 

PbS-Al2O3 nanocomposites are produced by sol-gel method. Boehmite (AlO(OH)) is formed 

by the same mechanistic steps as discussed in the mechanism of formation of NiO-Al2O3 

nanocomposites (Section 3.1.3.9). For PbS formation, lead acetate and thiourea were used as 

the precursors. Lead acetate is dissolved in a mixture of water and ethanol to give Pb2+ ions 

[130], and thiourea slowly releases H2S in the solution [131,132]. The reaction between Pb2+ 

and H2S leads to the formation of PbS. The temperature of the contents was raised to 80 oC 

which results in slow dehydration of AlO(OH) leading to the formation of amorphous Al2O3. 

Formation of Al2O3 in the nanocomposites is confirmed by IR results (Section 3.2.3.2, Fig. 

3.15). The FT-IR spectra of PbS-Al2O3 nanocomposites show bands at 827 cm-1 and 780 cm-1 

attributed to stretching vibration of four coordinated Al‒O of AlO4, and bands at 630 cm-1 and 

470 cm-1 attributed to six-coordinated Al–O of AlO6. The proposed reactions related to the 

formation of PbS-Al2O3 nanocomposites are summarized as follows: 

Pb(CH3COO)2. 3H2O → Pb2+ + 2CH3COO− + 3H2O 

(NH2)2CS + 2H2O → H2S + 2NH3 + CO2 

Pb2+ + H2S + 2AlO(OH)
∆
→ PbS − Al2O3 + H2O + 2H+ 

3.2.4 Conclusions 

PbS-Al2O3 nanocomposites were prepared by a simple sol-gel method. The crystallite size of 

PbS in the nanocomposites varies from 18.2 to 40.5 nm. Raman spectral studies on the 

nanocomposites reveal characteristic peaks due to PbS nanoparticles and TEM studies indicate 

uniform distribution of lead sulfide nanoparticles on the alumina matrix. Optical studies on the 

nanocomposites indicate NIR absorption and emission. A blue shift of band gap of PbS in the 

nanocomposites compared to pure PbS nanoparticles and bulk PbS is observed. PL studies 

show characteristic peaks due to excitonic emission of PbS nanoparticles in all the 

nanocomposites. The PbS-Al2O3 nanocomposites can be used in Q-switching NIR lasers, 

luminescent markers, solar cells and photovoltaics. 
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4.1 Synthesis and Characterization of CdS-TiO2 Nanocomposites by Thermal 

Decomposition Approach 

4.1.1 Introduction 

Semiconductor metal oxide nanoparticles offer simple ways to tailor their physicochemical 

properties. One of the methods is sensitization with other metal oxide and metal sulfide 

nanoparticles [1]. Modification of a semiconductor metal oxide with another semiconductor 

can enhance charge separation and hence promote interfacial charge transfer [2]. In recent 

times, metal oxide nanocomposites have received enormous interest due to their applications 

in diverse areas such as photocatalysis, environmental remediation and energy                

generation [2–5]. TiO2 has been extensively used as a photocatalyst due to its strong oxidizing 

ability, high stability and non-toxicity [6,7]. It possesses applications in various areas such as 

environmental remediation, solar energy conversion and hydrogen generation [8–11]. The use 

of TiO2 as the photocatalyst is limited since it absorbs only about 5% of sunlight in the UV 

region due to its wide band gap (3.2 eV for anatase and 3.0 eV for rutile). The high 

recombination rate of photo-generated electrons and holes drastically reduces its quantum 

efficiency. In order to extend the light absorption of TiO2 to visible region, a number of new 

TiO2 based photocatalysts have been developed. A variety of methods such as hydrogenation 

[12], doping with metal/non-metal [13–15], sensitization with dyes [9] and combining with 

narrow band gap semiconductors [6,16] have been reported for the modification of TiO2. 

Among the modified TiO2 photocatalysts, coupling of a narrow band gap semiconductor with 

TiO2 to form nanocomposites is considered as one of the most promising ways for harvesting 

sunlight with enhancement of quantum yield [17]. Some of the semiconductors with narrow 

band gap that have been coupled with TiO2 are PbS [18], CdTe [19], CdSe [20], ZnFe2O4 [21], 

Cu2O [22] and CdS [23–25]. 

CdS–TiO2 nanocomposites show good optical absorption in the visible region due to 

sensitization with CdS. CdS has a high quantum efficiency in the visible region due to its low 

band gap (Eg ≈ 2.40 eV) [26]. The conduction band of CdS (−0.7 eV) is more cathodic than 

that of TiO2 (−0.5 eV) [27]; higher the difference between the conduction bands of two 

semiconductors, higher is the driving force of electron transfer [28]. On irradiation with light, 

TiO2 accepts photoelectrons generated from the CdS and thus effectively inhibits the 

recombination of photoelectrons and holes. CdS–TiO2 nanocomposites possess various 

photocatalytic applications such as degradation of organic pollutants (e.g. methyl orange, 

rhodamine B, methylene blue) [29–31], reduction of nitrobenzene derivatives [32], selective 
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oxidation of alcohols [33], water splitting [34] and reduction of Cr(VI) [35]. CdS–TiO2 

nanocomposites with different morphologies such as CdS quantum dots on TiO2 nanotubes 

[32], core–shell [33], CdS/TiO2 branched nanoarrays [34] and nanospheres [36] have been 

reported (Fig. 4.1). The nanocomposites have been synthesized by various methods such as 

hydrothermal [23,37–41], solvothermal [30,36,42], precipitation [28,43,44], chemical bath 

deposition [34,45,46], sol–gel [47,48], reverse micellar route [49], self-assembly [32,50], 

sonochemical [51,52], successive ionic layer adsorption and reaction (SILAR) [53–55], 

electrodeposition [56] and electrospinnig and photodeposition [57]. A brief summary on the 

synthesis of CdS-TiO2 nanocomposites by the above mentioned methods are given in           

Table 4.1. A brief discussion on some of these methods is given below. 

 

 Fig. 4.1: CdS-TiO2 nanocomposites with different morphologies; (a) CdS quantum dots on 

TiO2 nanotubes [32], core–shell [33], CdS/TiO2 branched nanoarrays [34] and            

nanospheres [36]. 

 

(a) (b) 

(c) 
(d) 
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Table 4.1: Different reported methods for the synthesis of CdS-TiO2 nanocomposites. 

Sl. 

No. 
Method 

Chemicals 

used 

Morphology 

of the 

nanocomposit

es 

Size Reference 

1. Hydrothermal 

Cadmium 

acetate, thiourea 

and tetrabutyl 

titanate 

Core-shell 

CdS core  

= 200 nm, 

TiO2 shell 

 = 7-50 nm 

[39] 

2. Solvothermal 

Cadmium 

chloride, 

sodium sulfide, 

PVP K-30 and 

titanium  

n-butoxide 

Hybrid 

nanospheres 
100 nm [36] 

3. Precipitation 

Cadmium 

chloride, 

sodium sulfide, 

P25 and L-

cysteine 

Powder 6-10 nm [43] 

4. 
Chemical bath 

deposition 

Cadmium 

nitrate, sodium 

sulfide and 

titanium 

butoxide 

Branched 

nanoarrays 

TiO2 = 200 nm,  

CdS = 5-10 nm 
[34] 

5. Sol-gel 

Cadmium 

nitrate, thiourea, 

and titanium 

isopropoxide 

Powder 9-40 nm [47] 

6. Reverse micellar 

Cadmium 

nitrate, thiourea, 

and titanium 

tetra-

isopropoxide 

Core-shell 

CdS core 

 = 3-5 nm,  

TiO2 shell 

 = 1 nm  

[49] 

7. Self-assembly 

Cadmium 

chloride, 

sodium sulfide 

and titanium 

sheets 

Nanobelts 
Diameter  

= 450 nm 
[50] 

8. Sonochemical 

Cadmium 

chloride, 

thiourea and 

titanium tetra-

isopropoxide 

Core-shell 11 nm [52] 
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9. 

Successive ionic 

layer adsorption 

and reaction 

(SILAR) 

Cadmium 

perchlorate, 

sodium sulfide 

and TiO2 

Film 4 nm [55] 

10. Electrodeposition 

Cadmium 

chloride, 

sodium 

thiosulphate and 

titanium tetra-

isopropoxide 

Film - [56] 

11. 

Electrospinning 

and 

photodeposition 

Cadmium 

chloride, sulfur 

and titanium 

tetra-

isopropoxide 

Nanofibers 
Diameter 

 = 150 nm 
[57] 

12. 

Thermal 

decomposition 

method 

Cadmium 

chloride, 

potassium ethyl 

xanthate and 

commercial 

TiO2 

Film - [58] 

Hydrothermal synthesis [39]: In this method, synthesized CdS nanoparticles (hydrothermal) 

are dispersed in ethanol followed by addition of specified amounts of tetrabultyl titanate. Then, 

water is added drop wise to the solution with vigorous magnetic stirring. The mixture is kept 

stirring for 2 h and is transferred to a Teflon-lined autoclave (100 mL). Afterwards, 

hydrothermal reaction is conducted at 180 °C for 24 h. Finally, the samples are washed, and 

then dried in vacuum oven at 60 °C for 6 h. 

Solvothermal synthesis [36]: The formation of CdS/TiO2 nanocomposites by solvothermal 

method is illustrated in scheme 4.1 [36]. In this method, specified amounts of titanium 

butoxide, poly vinyl pyrrolidone (PVP) and already prepared CdS nanoparticles are dispersed 

in ethanol with magnetic stirring for 2 h. Then, 1:1 (v/v) mixture of n-propyl ethanol:water is 

added into the solution with stirring due to which the solution turns milky. The milky solution 

is stirred for another 2 h at 70 oC. After that, the milky solution is transferred to a 50 mL Teflon 

lined stainless-steel autoclave. The autoclave is maintained at 160 oC for 12 h and then cooled 

to room temperature. The product obtained is centrifuged, washed with ethanol and deionized 

water, and vacuum dried at 60 oC. 
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Scheme 4.1: Schematic illustration of the formation of CdS/TiO2 hybrid nanostructures by 

solvothermal method [36]. 

Precipitation [43]: In this method, an aqueous solution of precursors is formed by mixing 

specific ratio of L-cysteine, P25 and CdCl2 under vigorous stirring. Thereafter, the pH value of 

the solution is adjusted to 12.5 with 1 M NaOH solution and Na2S aqueous solution is slowly 

added. The solution is then refluxed at 383 K for 5 h. The composite obtained is centrifuged 

and washed with distilled water and dried at 353 K for 12 h. 

Self-assembly [50]: The formation of CdS/TiO2 nanocomposites by self-assembly is illustrated 

in Scheme 4.2. In this method, amine functionalized TiO2 nanobelts are immersed in an 

aqueous solution of thioglycolic acid capped CdS quantum dots for 2 h to produce TiO2 

nanobelt–CdS quantum dot heterostructures. 



Synthesis and Characterization of Metal Oxide/Metal Sulfide Nanocomposites 

        

132 
 

 

Scheme 4.2: Schematic representation of self-assembly of TiO2 nanobelt–CdS quantum dot 

heterostructures [50]. 

Thermal decomposition method: Lutz et al. [58] have reported the preparation of CdS 

sensitized TiO2 films by controlled thermal decomposition of a metal xanthate precursor. The 

films are prepared by decomposing pyridine adduct of cadmium ethylxanthate at 200 oC under 

nitrogen atmosphere. Tristao et al. [59] have reported the thermal decomposition of cadmium 

thiourea complex impregnated on TiO2 at 300 oC under nitrogen atmosphere. In most of the 

reported methods, the synthesis of CdS–TiO2 nanocomposites has been carried out at high 

temperatures (200 to 600 oC) and in inert atmosphere (e.g. N2), and the time required for the 

synthesis is about 3 to 4 days. 

In the present study, CdS–TiO2 nanocomposites have been prepared by a two-step method. 

Nanocrystalline TiO2 was first prepared by sol–gel method [60]. In the second step, CdS–TiO2 

nanocomposites were synthesized by the thermal decomposition of cadmium acetate and 

thiourea in diphenyl ether in the presence of TiO2 at about 150 oC for one hour. The effect of 

using four different types of TiO2 (as-prepared sol–gel TiO2 nanoparticles, sol–gel TiO2 after 

calcination at 500 oC, sol–gel TiO2 after calcination at 700 oC and macro-crystalline TiO2) on 

the structure, and optical properties of the nanocomposites was investigated. 
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4.1.2 Experimental Details 

Chemicals 

The chemicals used were cadmium acetate (Himedia), titanium(IV) isopropoxide (Aldrich), 

thiourea (Rankem), titanium(IV) oxide (Aldrich), diphenyl ether (Aldrich), nitric acid 

(Rankem), ethanol (Changshu Yangyuan Chemicals, China), methanol (Rankem) and 

Millipore® water. All the chemicals were used as received.  

Synthesis 

The CdS–TiO2 nanocomposites were synthesized by the thermal decomposition method. 

Nanocrystalline TiO2 was first synthesized by sol–gel method as reported by Choi et al [60]. A 

mixture of titanium(IV) isopropoxide (30 mL) and absolute ethanol (5 mL) was added to an 

aqueous solution (180 mL) containing 2 mL of concentrated HNO3 under vigorous stirring. 

The suspension was stirred at 80 °C for about six hours and then evaporated to obtain a 

yellowish TiO2 powder (Scheme 4.3). 
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Scheme 4.3: Synthesis of TiO2 nanoparticles by sol-gel process [60]. 

In the second step, the CdS–TiO2 nanocomposites were prepared by refluxing a mixture of 

cadmium acetate and thiourea in different molar ratios in the presence of about 300 mg of TiO2 

(as-prepared sol-gel TiO2, after calcination at 500 oC, after calcination at 700 oC and macro-

crystalline TiO2) in diphenyl ether (boiling point = 257 oC) at about 150 oC for one hour. The 

precipitates obtained were centrifuged, washed with methanol and dried overnight under 

vacuum to obtain the CdS–TiO2 nanocomposite powders. Scheme 4.4 shows the schematic 

diagram of the synthesis of CdS-TiO2 nanocomposites via thermal decomposition approach. 

Four different nanocomposites were prepared using each TiO2 by varying the concentrations 

of cadmium acetate and thiourea. The designation of various CdS–TiO2 nanocomposites, 

prepared under different synthetic conditions, is given in Table 4.2. 

 

Stirring 

80
o
C, Stirred for 6h 

Evaporation at 80 oC 

Calcined at 500 
o
C and 700 

o
C 

Ti (IV) isopropoxide 

 (30 mL) 

Ethanol  

(5 mL) 

HNO3 

 (2 mL) 

H2O  

(180 mL) 

Suspension 

Sol 

TiO2  

(Yellow powder) 

TiO2  

(Crystalline) 



Synthesis and Characterization of Metal Oxide/Metal Sulfide Nanocomposites 

        

135 
 

 

 

Scheme 4.4: Schematic diagram for the synthesis of CdS-TiO2 nanocomposites via thermal 

decomposition approach. 
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Table 4.2: Designation of various CdS-TiO2 nanocomposites prepared using different 

synthetic conditions. 

Sample code TiO2 used 
Cadmium acetate 

(mmol) 
Thiourea (mmol) 

CdS - 1 1 

CTA1 
as-prepared  

sol-gel TiO2 
1 1 

CTA2 ,, 0.5 0.5 

CTA3 ,, 0.25 0.25 

CTA4 ,, 0.15 0.15 

CT1 
Sol-gel TiO2  

(500 oC) 
1 1 

CT2 ,, 0.5 0.5 

CT3 ,, 0.25 0.25 

CT4 ,, 0.15 0.15 

CTR1 
Sol-gel TiO2  

(700 oC) 
1 1 

CTR2 ,, 0.5 0.5 

CTR3 ,, 0.25 0.25 

CTR4 ,, 0.15 0.15 

C1 

Macro-crystalline 

TiO2 

 

1 1 

C2 ,, 0.5 0.5 

C3 ,, 0.25 0.25 

C4 ,, 0.15 0.15 
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4.1.3 Results and Discussion 

4.1.3.1 XRD Results 

Fig. 4.2 shows the XRD patterns of as-prepared sol–gel TiO2, after calcination at 500 oC and 

700 oC and commercial (macro-crystalline) TiO2. In the XRD patterns of as-prepared sol-gel 

TiO2 and TiO2 after calcination at 500 oC, distinct peaks at 2θ = 25.33°, 37.84°, 48.07°, 53.95°, 

62.75°, 70.34°, 75.12° and 82.75° corresponding to (101), (004), (200), (105), (204), (220), (215) 

and (224) planes of anatase (JCPDS file no. 84-1286) are observed. The XRD pattern of           

sol-gel TiO2 after calcination at 700 oC shows peaks at 2θ = 27.55°, 36.06°, 41.30°, 44.16°, 

54.44°, 56.80°, 62.92°, 64.2°, 69.1°, 69.8° and 82.53° corresponding to (110), (101), (111), (210), 

(211), (220), (002), (310), (301), (112) and (321) planes of rutile phase (JCPDS no. 78-1510). 

The XRD pattern of commercial (macro-crystalline) TiO2 shows peaks at 25.33°, 36.7°, 37.84°, 

38.5°, 48.07°, 53.95°, 62.75°, 70.34°, 75.12° and 82.75° corresponding to (101), (103), (004), 

(112), (200), (105), (204), (220), (215), (301) and (224) planes of anatase (JCPDS file no. 84-

1286). The crystallite size values for as prepared sol–gel TiO2, sol-gel TiO2 calcined at 500 oC, 

sol-gel TiO2 calcined at 700 oC and commercial (macro-crystalline) TiO2, calculated using 

Debye-Scherrer equation, are 4.8 nm, 10 nm, 28 nm and 120 nm, respectively. 
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Fig. 4.2: XRD patterns of as-prepared sol-gel TiO2 and after calcination at 500 oC and 700 oC. 

The XRD pattern of macro-crystalline TiO2 (Aldrich, CM-TiO2) is also shown. 
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Fig. 4.3(a) shows the XRD patterns of pure CdS and the CdS–TiO2 nanocomposites prepared 

using as-prepared sol–gel TiO2 (CTA1-CTA4). Peaks due to CdS (JCPDS file no. 75-1546) 

and anatase are present in the nanocomposites. Figs. 4.3(b) and (d) show the XRD patterns of 

nanocomposites prepared using sol-gel TiO2 after calcination at 500 oC (CT1-CT4) and macro-

crystalline TiO2 (C1-C4), respectively. Peaks due CdS and anatase are present in all these 

nanocomposites, too. Fig. 4.3(c) shows the XRD patterns of CdS-TiO2 nanocomposites 

prepared using sol–gel TiO2 after calcination at 700 oC (CTR1-CTR4). Peaks due CdS and 

rutile phase are present in all these nanocomposites. The crystallite size of CdS, TiO2 and CdS 

in the CdS–TiO2 nanocomposites was calculated using Debye–Scherrer formula (Table 4.5). 

The crystallite size of pure CdS nanoparticles is 2.3 nm. The crystallite size of CdS in the 

nanocomposites prepared using as-prepared sol–gel TiO2 varies from 3.9 to 5.5 nm. In the 

nanocomposites prepared using TiO2 after calcination at 500 oC and 700 oC, the crystallite size 

of CdS varies from 3 to 6 nm and 8.8 to 12.0 nm, respectively. The crystallite size of CdS in 

the nanocomposites prepared using macro-crystalline TiO2 varies from 13.3 to 18 nm. In the 

nanocomposites, the crystallite size of CdS decreases with decrease in the concentration of 

cadmium acetate and thiourea used during their preparation (Table 4.2).  
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Fig. 4.3: XRD patterns of CdSTiO2 nanocomposites prepared using (a) as-prepared sol-gel 

TiO2 nanoparticles, (b) sol-gel TiO2 after calcination at 500 oC, (c) sol-gel TiO2 after 

calcination at 700 oC and (d) macro-crystalline TiO2. 

4.1.3.2 FE-SEM and EDXA Results 

The FE-SEM images of pure CdS indicate that it consists of agglomerated small particles with 

irregular morphology (Fig. 4.4). The as-prepared sol–gel TiO2, sol-gel TiO2 after calcination at 

500 oC, sol-gel TiO2 after calcination at 700 oC and macro-crystalline TiO2 showed 

agglomerated particles. 
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Fig. 4.4: FE-SEM image of CdS nanoparticles. 

Fig. 4.5 shows the FE-SEM images of CdS–TiO2 nanocomposites prepared using as-prepared 

sol–gel TiO2 (CTA1-CTA4). Small particles which are highly agglomerated can be noticed and 

it was found that the agglomeration decreases with decrease in the concentration of cadmium 

acetate and thiourea used during the preparation of the nanocomposites. 
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Fig. 4.5: FE-SEM images of CdSTiO2 nanocomposites prepared using as-prepared sol-gel 

TiO2 nanoparticles: (a) CTA1, (b) CTA2, (c) CTA3 and (d) CTA4. 

Fig. 4.6 and Fig. 4.7 show the FE-SEM images of CdS–TiO2 nanocomposites prepared using 

sol–gel TiO2 after calcination at 500 oC and 700 oC, respectively. Well dispersed small particles 

with close to spherical morphology can be noticed. 

(a) (b) 

(c) (d) 
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Fig. 4.6: SEM images of CdSTiO2 nanocomposites prepared using sol-gel TiO2 nanoparticles 

after calcination at 500 oC: (a) CT1 (b) CT2 (c) CT3 and (d) CT4. 

(a) (b) 

(c) (d) 
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Fig. 4.7: SEM images of CdSTiO2 nanocomposites prepared using sol-gel TiO2 nanoparticles 

after calcination at 700 oC: (a) CTR1, (b) CTR2, (c) CTR3 and (d) CTR4. 

Fig. 4.8 shows the FE-SEM images of CdS-TiO2 nanocomposites prepared using macro-

crystalline TiO2 in which agglomerated large particles with no particular morphology can be 

noticed. 

(a) (b) 

(c) (d) 
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Fig. 4.8: SEM images of CdSTiO2 nanocomposites prepared using macro-crystalline TiO2: 

(a) C1, (b) C2, (c) C3 and (d) C4. 

Figs. 4.9 to 4.12 show the EDXA patterns of CdS-TiO2 nanocomposites prepared using 

different TiO2 (as-prepared sol-gel TiO2, sol-gel TiO2 after calcination at 500 oC and 700 oC, 

and macro-crystalline TiO2). The EDX analysis shows the presence of oxygen, titanium, 

cadmium and sulfur in all the CdS-TiO2 nanocomposites. 

(a) (b) 

(c) (d) 
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Fig. 4.9: EDXA patterns of CdS-TiO2 nanocomposites prepared using as-prepared sol-gel TiO2 

nanoparticles. 

 

Fig. 4.10: EDXA patterns of CdS-TiO2 nanocomposites prepared using sol-gel TiO2 

nanoparticles after calcination at 500 oC. 
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CTA3 CTA4 

CT1 CT2 
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Fig. 4.11: EDXA patterns of CdS-TiO2 nanocomposites prepared using sol-gel TiO2 

nanoparticles after calcination at 700 oC. 

 

Fig. 4.12: EDXA patterns of CdS-TiO2 nanocomposites prepared using macro-crystalline 

TiO2. 

 

CTR1 CTR2 

CTR3 CTR4 

C1 C2 

C3 C4 
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Tables 4.3 and 4.4 show the EDX analysis results of the CdS-TiO2 nanocomposites prepared 

using as-prepared sol–gel TiO2 nanoparticles, sol-gel TiO2 after calcination at 500 oC, sol-gel 

TiO2 after calcination at 700 oC and macro-crystalline TiO2. The nanocomposites prepared 

using [Cd2+]:[S2-] = 1:1 molar ratio and all the four different types of TiO2 exhibit uniform 

elemental distribution. The nanocomposites prepared using [Cd2+]:[S2-] = 0.5:0.5 and 0.25:0.25 

and all the four types of TiO2 samples show non-uniform elemental distribution. The 

nanocomposites prepared using [Cd2+]:[S2-] = 0.15:0.15 and sol–gel TiO2 (after calcination at 

500 oC and 700 oC) show uniform elemental distribution. On the other hand, the 

nanocomposites prepared using ([Cd2+]:[S2-] = 0.15:0.15) and as-prepared sol–gel TiO2 and 

macro-crystalline TiO2 show non-uniform elemental distribution. 

Table 4.3: EDX analysis data for CdS-TiO2 nanocomposites prepared using as-prepared        

sol-gel TiO2 and sol-gel TiO2 calcined at 500 oC. 

Nanocomposite TiO2 used Weight% Atomic% Comment 

  O S Ti Cd O S Ti Cd  

CTA1 
TiO2  

as-prepared 

50.6 

to 

51.5 

1.2 

to 

1.5 

46.2 

to 

46.9 

1.7 

to 

1.9 

75.7 

to 

76.3 

0.3 

to 

0.4 

22.9 

to 

23.5 

0.2 

to 

0.4 

Uniform 

CTA2 ,, 

54.5 

to 

55.6 

1.6 

to 

1.7 

41.6 

to 

43.1 

1.6 

to 

2.0 

78.4 

to 

79.2 

0.1 

to 

0.5 

19.8 

to 

20.7 

0.3 

to 

0.4 

Non-uniform 

CTA3 ,, 

47.4 

to 

47.9 

1.9 

to 

2.1 

40.8 

to 

40.9 

1.5 

to 

1.6 

74.7 

to 

75.0 

0.5 

to 

0.6 

21.4 

to 

21.5 

2.0 

to 

2.2 

Uniform 

CTA4 ,, 

24.8 

to 

42.9 

0.4 

to 

0.9 

55.7 

to 

73.6 

0.7 

to 

1.1 

49.9 

to 

69.3 

0.4 

to 

0.8 

30.0 

to 

49.3 

0.2 

to 

0.3 

Non-uniform 

CT1 

TiO2 

(Calcined 

at 500 oC) 

38.5 

to 

41.0 

3.8 

to 

3.9 

41.3 

to 

43.5 

1.3 

to 

1.4 

75.7 

to 

76.3 

1.2 

to 

1.5 

22.9 

to 

23.5 

0.2 

to 

0.4 

Uniform 
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CT2 ,, 

54.5 

to 

55.6 

2.3 

to 

2.8 

41.6 

to 

43.1 

1.6 

to 

2.0 

78.4 

to 

79.2 

1.9 

to 

2.4 

19.8 

to 

20.7 

0.3 

to 

0.4 

Non-uniform 

CT3 ,, 

45.5 

to 

48.6 

2.1 

to 

2.3 

36.7 

to 

41.9 

1.6 

to 

1.9 

74.2 

to 

76.3 

1.7 

to 

1.8 

19.2 

to 

22.8 

2.4 

to 

2.9 

Uniform 

CT4 ,, 

34.8 

to 

35.2 

0.9 

to 

1.0 

58.0 

to 

59.6 

4.7 

to 

4.9 

62.1 

to 

63.3 

0.8 

to 

0.9 

33.9 

to 

34.8 

1.0 

to 

1.2 

Uniform 

Table 4.4: EDX analysis data for CdS-TiO2 nanocomposites prepared using sol-gel TiO2 

calcined at 700 oC and macro-crystalline TiO2. 

Nanocomposite TiO2 used Weight% Atomic% Comment 

  O S Ti Cd O S Ti Cd  

CTR1 

TiO2 

(Calcined 

at 700 oC ) 

57.4 

to 

58.3 

0.9 

to 

1.1 

36.6 

to 

37.3 

4.0 

to 

4.2 

80.8 

to 

81.5 

0.6 

to 

0.8 

17.0 

to 

17.5 

0.7 

to 

0.8 

Uniform 

CTR2 ,, 

54.7 

to 

58.0 

0.3 

to 

0.8 

43.6 

to 

45.6 

0.7 

to 

1.4 

78.5 

to 

84.6 

0.1 

to 

0.2 

20.1 

to 

21.3 

0.2 

to 

0.3 

Non-uniform 

CTR3 ,, 
8.2 to 

13.6 

0.2 

to 

0.4 

84.4 

to 

89.1 

1.8 

to 

2.7 

21.4 

to 

32.2 

0.3 

to 

0.5 

70.6 

to 

84.4 

0.6 

to 

0.9 

Uniform 

CTR4 ,, 

28.9 

to 

29.7 

0.2 

to 

0.3 

60.5 

to 

60.6 

4.9 

to 

5.0 

59.0 

to 

61.1 

0.8 

to 

0.9 

59.0 

to 

61.1 

1.2 

to 

1.3 

Uniform 

C1 

Macro-

crystalline 

TiO2 

46.3 

to 

47.9 

4.9 

to 

6.9 

31.0 

to 

33.0 

7.4 

to 

8.4 

74.2 

to 

75.4 

3.5 

to 

4.5 

16.3 

to 

16.7 

4.0 

to 

6.0 

Uniform 
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C2 ,, 

28.0 

to 

41.4 

5.4 

to 

9.4 

30.7 

to 

33.5 

9.7 

to 

1.9 

59.0 

to 

71.2 

4.6 

to 

9.8 

19.3 

to 

21.6 

4.8 

to 

9.6 

Non-uniform 

C3 ,, 

14.7 

to 

28.7 

0.6 

to 

0.9 

65.7 

to 

78.4 

4.9 

to 

6.0 

34.8 

to 

55.6 

0.6 

to 

1.0 

42.5 

to 

65.0 

1.3 

to 

2.0 

Non-uniform 

C4 ,, 

58.0 

to 

59.0 

0.4 

to 

0.7 

77.9 

to 

82.6 

2.6 

to 

3.3 

77.9 

to 

81.6 

0.3 

to 

0.5 

17.5 

to 

20.8 

0.5 

to 

0.7 

Non-uniform 

4.1.3.3 TEM and SAED Results 

Fig. 4.13(a) shows the TEM image of pure CdS nanoparticles. Agglomerated small particles 

with mean size 6.3 ± 0.6 nm can be observed. Fig 4.13(b) shows the TEM image of as-prepared         

sol–gel TiO2 nanoparticles. Well dispersed uniform sized (13.8 ± 2.9 nm) particles can be 

observed. Fig. 4.13(c) and (d) show the TEM images of sol–gel prepared TiO2 samples after 

calcination at 500 oC and 700 oC, respectively. Irregular shaped small as well as large particles 

can be noticed. The particle size of sol-gel TiO2 after calcination at 500 oC is 25.4 ± 15.7 nm 

whereas that of TiO2 after calcination at 700 oC is 32.0 ± 9.5 nm. Insets of Fig. 4.13(a), (c) and 

(d) show the SAED patterns of CdS and TiO2 indicating their polycrystalline nature. The SAED 

pattern of as-prepared sol-gel TiO2 (Fig. 4.13(b)) indicates that it is less crystalline compared 

to the other TiO2 samples. 
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Fig. 4.13: TEM images and SAED patterns of (a) pure CdS nanoparticles, (b) as-prepared     

sol-gel TiO2 nanoparticles, (c) sol-gel TiO2 nanoparticles after calcination at 500 oC and            

(d) TiO2 nanoparticles after calcination at 700 oC. 

Fig. 4.14 shows the TEM images of CdS–TiO2 nanocomposites (CTA1-CTA4) prepared using 

as-prepared sol-gel TiO2 nanoparticles. The particle size of the nanocomposites decreases from 

10.4 to 5.2 nm with decrease in the concentration of cadmium acetate and thiourea used during 

the preparation of the nanocomposites. The inset of Fig. 4.14(a) corresponds to the SAED 

pattern of nanocomposite CTA1 where the observed rings are attributed to (111), (220), (311) 

planes of polycrystalline CdS along with a ring due to (101) plane of anatase. The inset of      

Fig. 4.14(c) corresponds to the SAED pattern of nanocomposite CTA3 where the observed 

rings are attributed to (111), (220), (222) planes of polycrystalline CdS along with rings due to 

(101), (211), (004) planes of anatase. In the SAED patterns of nanocomposites CTA2 and 

CTA4 (Insets of Fig. 4.14(b) and Fig. 4.14(d)), the observed rings are attributed to (111), (220), 

(222), (200) planes of polycrystalline CdS along with rings due to (101), (211) planes of 

anatase. 

(a) (b) 

(c) (d) 

6.3 ± 0.6 nm 
13.8 ± 2.9 nm 

32.0 ± 9.5 nm 25.4 ± 15.7 nm 
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Fig. 4.14: TEM images and SAED patterns of CdSTiO2 nanocomposites prepared using        

as-prepared sol-gel TiO2: (a) CTA1, (b) CTA2, (c) CTA3 and CTA4. 

Fig. 4.15 shows the TEM images of CdS–TiO2 nanocomposites (CT1-CT4) prepared using        

sol-gel TiO2 calcined at 500 oC. Particles of the nanocomposites, prepared using higher 

concentration of cadmium acetate and thiourea (CT1 and CT2), are more agglomerated as 

compared to those prepared using lower concentration of cadmium acetate and thiourea       

(CT3 and CT4). The particle size of the nanocomposites decreases from 12.6 to 10.5 nm with 

decrease in the concentration of cadmium acetate and thiourea used during the preparation of 

the nanocomposites. The inset of Fig. 4.15(a) corresponds to the SAED pattern of 

nanocomposite CT1 where the observed rings are attributed to (111), (220), (311), (206) planes 

of polycrystalline CdS along with rings due to (101), (107) and (224) planes of polycrystalline 

anatase. The observed rings in the SAED patterns of nanocomposites CT2 and CT3 (Insets of 

Fig. 4.15(b) and Fig. 4.15(c)) are attributed to (111), (220), (311) planes of polycrystalline CdS 

and (101), (105) and (213) planes of anatase. The inset of Fig. 4.15(d) corresponds to SAED 

pattern of nanocomposite CT4 where the rings and spots observed are due to (111), (222), 

(311), (331) planes of polycrystalline CdS and (101), (103), (112) and (105) planes of 

polycrystalline anatase. 

10.4 ± 1.9 nm 6.7 ± 1.2 nm 

5.8 ± 1.2 nm 
5.2 ± 0.8 nm 

(a) (b) 

(c) (d) 



Synthesis and Characterization of Metal Oxide/Metal Sulfide Nanocomposites 

        

152 
 

 

Fig. 4.15: TEM images and SAED patterns of CdSTiO2 nanocomposites prepared using          

sol-gel TiO2 after calcination at 500 oC: (a) CT1, (b) CT2, (c) CT3 and CT4. 

Nanocomposites CT1-CT4 show uniform elemental composition with better photocatalytic 

activity in photodegradation of rhodamine B dye compared to other nanocomposites (See 

Chapter 6). Thus HRTEM measurements were done and the high resolution TEM images 

(HRTEM) of nanocomposites CT1, CT2, CT3 and CT4 are shown in Fig. 4.16. The interplanar 

spacing of 0.35 nm and 0.33 nm, correspond to (101) plane of anatase and (111) plane of CdS, 

respectively. 

(b) (a) 

(d) (c) 

10.5 ± 1.6 nm 

12.6 ± 1.5 nm 12.0 ± 1.6 nm 

11.5 ± 1.3 nm 
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Fig. 4.16: HRTEM images of CdS-TiO2 nanocomposites: (a) CT1, (b) CT2, (c) CT3 and CT4. 

4.1.3.4 DRS Results 

The optical properties of CdS, TiO2 samples and the CdS–TiO2 nanocomposites were 

investigated by UV–visible diffuse reflectance spectroscopy. The band gaps of all the samples 

were estimated from the DRS spectra using the following formula [24]: 

αhν = A(hν − Eg)
1/2

 

Where h is Planck's constant,  is frequency of light, is absorption coefficient, Eg is the band 

gap and A is the proportional constant. Fig. 4.17 shows the DRS spectra of CdS nanoparticles 

and different TiO2 samples. Fig. 4.18 shows the DRS spectra of the CdS-TiO2 nanocomposites 

prepared using different TiO2 samples. Plotting (αhυ) 2 versus hυ gives the Tauc plots from 

which the band gap values were obtained. Table 4.5 lists the crystallite size and band gap of 

CdS, TiO2 and all the CdS-TiO2 nanocomposites. 

(a) (b) 

(c) (d) 
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Table 4.5: Variation of band gap with crystallite size of CdS in the CdS-TiO2 nanocomposites. 

Sample Crystallite size of CdS/TiO2 (nm) Band gap (eV) 

CdS 2.3 (CdS) 2.5 

As-prepared sol-gel TiO2 4.8 (TiO2) 3.3 

Sol-gel TiO2 (500 oC) 10 (TiO2) 3.1 

Sol-gel TiO2 (700 oC) 28 (TiO2) 2.9 

Macro-crystalline TiO2 120 (TiO2) 3.2 

CTA1 5.5 (CdS) 2.51 (CdS), 3.4 (TiO2) 

CTA2 5.1 (CdS) 2.6 (CdS), 3.3 (TiO2) 

CTA3 4.3 (CdS) 2.41 (CdS) 

CTA4 3.9 (CdS) 3.4 (TiO2) 

CT1 6 (CdS) 2.4 (CdS) 

CT2 5 (CdS) 2.41 (CdS) 

CT3 4.5 (CdS) 2.55 (CdS) 

CT4 3 (CdS) 2.52 (CdS), 3.1 (TiO2) 

CTR1 12 (CdS) 2.5 (CdS) 

CTR2 10.8 (CdS) 2.53 (CdS) 

CTR3 9.3 (CdS) 2.5 (CdS) 

CTR4 8.8 (CdS) 2.55 (CdS), 3.0 (TiO2) 

C1 18.0 (CdS) 2.5 (CdS), 3.3 (TiO2) 

C2 15.2 (CdS) 2.52 (CdS), 3.2 (TiO2) 

C3 14.3 (CdS) 2.56 (CdS), 3.2 (TiO2) 

C4 13.3 (CdS) 2.57 (CdS), 3.2 (TiO2) 

Pure CdS nanoparticles show band gap absorption at 2.5 eV. The as-prepared sol–gel TiO2, 

sol-gel TiO2 after calcination at 500 oC and after calcination at 700 oC show band gap value of 

3.3 eV, 3.1 eV and 2.9 eV, respectively. Macro-crystalline TiO2 shows a band gap of 3.2 eV. 

Pure TiO2 samples absorb only UV light and the band gap of sol-gel TiO2 decreases with 

increase in the calcination temperature which is due to increase in the crystallite size. 
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Fig. 4.17: Diffuse reflectance spectra of (a) CdS nanoparticles and (b) different TiO2 samples. 

The nanocomposites prepared using as-prepared sol-gel TiO2 (CTA1-CTA4) show absorption 

in the visible region with CdS band gap varying from 2.41 to 2.6 eV. Nanocomposite CTA4 

shows band gap absorption only due to TiO2. This is due to lower concentration of cadmium 

acetate and thiourea used during the preparation of the nanocomposite. The nanocomposites 

prepared using sol-gel TiO2 after calcination at 500 oC (CT1-CT4) show absorption in the 

visible region with CdS band gap varying from 2.4 to 2.55 eV. The nanocomposites prepared 

using sol-gel TiO2 after calcination at 700 oC (CTR1-CTR4) show absorption in the visible 

region with CdS band gap varying from 2.5 to 2.55 eV. The nanocomposites prepared using 

macro-crystalline TiO2 (C1-C4) show absorption in the visible region with CdS band gap 

varying from 2.5 to 2.57 eV and TiO2 band gap varies from 3.2 to 3.3 eV. Nanocomposites 

(CTA3, CTA4, CT1, CT2, CT3, CTR1, CTR2 and CTR3) in which there is sufficient 

sensitization of TiO2 by CdS possess single band gap absorption in the visible region. This is 

due to synergistic interaction between CdS and TiO2. Nanocomposites (CTA1, CTA2, CT4 

and CTR4) and all the nanocomposites prepared using macro-crystalline TiO2 (C1-C4) show 

band gap absorption due to both CdS and TiO2 because there is no sensitization of TiO2 by the 

CdS [23,24,61]. Nanocomposites (CTA1, CTA2, CTA4, CT3, CT4, CTR2 and CTR4) show 

blue shift of CdS band gap with respect to pure CdS nanoparticles which is attributed to 

quantum confinement effect. These nanocomposites possess CdS crystallite size comparable 

to the Bohr radius of CdS (5 nm) [24]. The blue shift of CdS band gap absorption in the 

nanocomposites, prepared using macro-crystalline TiO2 (C2, C3 and C4), can be attributed to 

the electronic coupling between CdS and TiO2 [61]; the crystallite size of CdS in these 

nanocomposites is in the range 10 to 20 nm. 
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Fig. 4.18: Diffuse reflectance spectra of CdS-TiO2 nanocomposites prepared using                      

(a) as-prepared sol-gel TiO2, (b) sol-gel TiO2 after calcination at 500 oC, (c) sol-gel TiO2 after 

calcination at 700 oC and (d) macro-crystalline TiO2. 

4.1.3.5 Photoluminescence Spectroscopy Results 

Fig. 4.19 shows the photoluminescence spectra of different TiO2 samples. The PL spectra of 

as-prepared sol-gel TiO2 nanoparticles, and sol-gel TiO2 after calcination at 500 oC show 

emission around 411 nm (3.0 eV) which is due to the near band edge emission of TiO2 [62]. 

The PL spectrum of sol-gel TiO2 calcined at 700 oC shows near band edge emission at 428 nm 

(2.9 eV) [62,63]. In all the TiO2 samples, two emission bands are observed at about 451 nm 

(2.75 eV) and 470 nm (2.64 eV) which are attributed to the oxygen vacancies [64,65]. The 

other two emission bands at 481 nm and 493 nm are attributed to luminescence of free excitons 

and self-trapped excitons [63,64]. 
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Fig. 4.19: Photoluminescence spectra of different sol-gel prepared TiO2 nanoparticles and 

macro-crystalline TiO2. 

Fig. 4.20 shows the photoluminescence spectra of pure CdS nanoparticles and CdS–TiO2 

nanocomposites prepared using different TiO2 samples. Pure CdS nanoparticles show band 

edge emission at 530 nm with a broad shoulder at 560 nm which is attributed to surface-states-

induced recombination and vacancies (Cd2+ or S2-) [66]. The nanocomposites prepared using 

as-prepared sol-gel TiO2 (CTA1, CTA2, CTA3 and CTA4) show band edge emission due to 

CdS at 530 nm, 525 nm, 517 nm and 516 nm, respectively. The nanocomposites CT1, CT2, 

CT3 and CT4 show band edge emission due to CdS at 529 nm, 526 nm, 525 nm and 520 nm, 

respectively. The nanocomposites CTR1, CTR2, CTR3 and CTR4 show band edge emission 

due to CdS at 530 nm, 527 nm, 523 nm and 520 nm, respectively. The nanocomposites C1, C2, 

C3 and C4 show band edge emission at 530 nm, 525 nm, 525 nm, and 520 nm, respectively. 
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Fig. 4.20: Photoluminescence spectra of CdS-TiO2 nanocomposites prepared using                     

(a) as-prepared sol-gel TiO2, (b) sol-gel TiO2 after calcination at 500 oC, (c) sol-gel TiO2 after 

calcination at 700 oC and (d) macro-crystalline TiO2. 

The nanocomposites prepared using sol-gel as-prepared TiO2, sol-gel TiO2 after calcination at 

500 oC and 700 oC show blue shift of band edge emission of CdS. This blue shift is attributed 

to quantum confinement due to decrease in the particle size of CdS with decrease in the 

concentration of cadmium acetate and thiourea used during the preparation of the 

nanocomposites [67]. The PL emission bands of CdS-TiO2 nanocomposites, prepared using 

macro-crystalline TiO2, exhibit blue shift of band edge emission of CdS with weaker PL 

intensity compared to that of CdS. This decrease in photoluminescence intensity indicates 

photoluminescence quenching due to coupling of CdS and TiO2 [25,61]. 
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4.1.3.6 Mechanism for the synthesis of CdS-TiO2 nanocomposites 

CdS-TiO2 nanocomposites were synthesized by a two-step method. In the first step, TiO2 

nanoparticles were prepared by sol-gel method. Following reactions are involved in the 

hydrolysis of titanium isopropoxide (Ti(OR)4, (R= (CH3)2CH)) in a mixture of ethanol and 

water [68]: 

Ti(OR)4 + H2O → Ti(OR)3(OH) + ROH 

Ti(OR)3(OH) + H2O → Ti(OR)2(OH)2 + ROH 

Ti(OR)2(OH)2 + H2O → Ti(OR)(OH)3 + ROH 

Ti(OR)2(OH)2 → TiO2 + 2ROH 

Ti(OR)(OH)3 → TiO2 + H2O + ROH 

The as prepared TiO2 nanoparticles were calcined at 500 oC and 700 oC to obtain crystalline 

anatase and rutile TiO2 nanoparticles, respectively. The second step for the synthesis of        

TiO2-CdS nanocomposites involves thermal decomposition of cadmium acetate and thiourea 

at about 150 oC in the presence of TiO2 nanoparticles in diphenyl ether. Reaction of cadmium 

acetate and thiourea leads to the formation of bis(thiourea)cadmium acetate complex which on 

heating decomposes to give CdS nanoparticles [69,70]. The proposed reactions involved during 

the formation of CdS-TiO2 nanocomposites are summarized as follows: 

Cd(CH3COO)2 + 2(NH2)2CS → Cd(SC(NH2)2)2(CH3COO)2 

TiO2 + Cd(SC(NH2)2)2(CH3COO)2

∆
→ TiO2 − CdS + NH3 + HCNS + CH3COCH3 

                                    +CH2CO + CO + H2O 
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4.1.4 Conclusions 

A simple thermal decomposition approach for the synthesis of CdSTiO2 nanocomposites with 

four different TiO2 samples has been described. The nanocomposites were characterized using 

different analytical techniques. XRD results confirm the presence of CdS and TiO2 

nanocrystallites in the composites. The crystallite size of CdS in the nanocomposites increases 

with an increase in the concentration of CdS precursors (cadmium acetate and thiourea) used 

during the preparation of nanocomposites. SEM and TEM results indicate uniform distribution 

of small CdS nanoparticles on the surface of TiO2 in the case of nanocomposites prepared using 

lower concentration of CdS precursors ([Cd2+:S2-] = 0.15:0.15) and as-prepared sol–gel TiO2 

and sol–gel TiO2 nanoparticles after calcination at 500 oC. Diffuse reflectance spectral studies 

indicate higher band gap of CdS in all the nanocomposites with respect to bulk CdS. 

Photoluminescence studies indicate blue shift in band edge emission of the nanocomposites 

compared to pure CdS nanoparticles. 
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4.2 Synthesis and Characterization of Ag2S-TiO2 Nanocomposites by Thermal 

Decomposition Approach 

4.2.1 Introduction 

A number of binary and ternary nanocomposites with variable particle size and controlled 

morphologies have been synthesized by different synthetic methods [3]. Using different 

synthetic methods, multi-functional nanocomposites with unique magnetic, electrical, optical 

and catalytic properties have been explored [71,72]. 

Titanium dioxide (TiO2) is an important wide band gap semiconductor which has been 

extensively investigated due to its applications in solar energy conversion and photocatalysis 

[6,73,74]. TiO2 (anatase) has a large band gap (3.2 eV). It absorbs in the UV region and much 

effort has been devoted to improve its photoresponse in the visible region [74,75]. One of the 

ways to do this is to combine TiO2 with another semiconductor with narrow band gap 

(sensitization) such as CdS, CdSe, PbS, PbSe, Ag2S and CdTe [76–81]. Compared to the other 

sensitizers, semiconductors have unique advantages. The band gap of semiconductors can be 

easily tuned by varying the particle size. Another important advantage of semiconductor 

nanoparticles is their use in photocatalysis [82]. Nanocrystalline Ag2S is a good candidate for 

the photosensitization of TiO2 and Ag2S is a direct band gap semiconductor with a low band 

gap (~1.0 eV). It is a promising material which responds in the whole solar energy           

spectrum [80]. Moreover, the conduction band of Ag2S is less anodic (−0.3 eV) than that of 

TiO2 (−0.1 eV). The valence band of Ag2S is more cathodic (+0.7 eV) than that of TiO2         

(+3.1 eV) [83], and Ag2S has a large absorption coefficient in the visible region [84]. 

Ag2S possesses good photoelectric and thermoelectric properties along with good chemical 

stability due to which it has been used in a number of optoelectronic devices such as 

photovoltaic cells, infrared detectors, etc [85–88]. It possesses various photocatalytic 

applications such as photodegradation of pollutant dyes (e.g. rhodamine B, methylene blue and 

methyl orange) [89–91] and industrial pollutants (e.g. phenol, p-xylene and chlorophenol) 

[83,92]. 

Nagasuna et al. [93] have reported photoelectrochemical measurements on TiO2-Ag2S mixed 

system under simulated sunlight illumination. They observed that Ag2S/TiO2/fluorine-doped 

SnO2 photoanode cell yields H2 at a rate of 0.8 mL h-1 with a total conversion efficiency of 

0.29%, while Ag/TiO2/fluorine-doped SnO2 photoanode is inactive. Xie et al. [94] have used 

Ag2S quantum dots to sensitize TiO2 nanotube arrays (TNAs) in the visible range and they have 

observed a photo current response of about 120 A cm-2. Gholami et al. [80] have used           
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Ag2S-TiO2 nanocomposites for water splitting in the visible region and they have reported a 

photocurrent density of about 840 A cm-2 using the TNA-Ag2S photoanode. Neves et al. [83] 

and Zhu et al. [89,90] have reported the photocatalytic degradation of phenol, rhodamine B and 

methylene blue over Ag2S-TiO2 nanocomposites under visible light irradiation.               

Mossalayi et al. [92] have reported the photocatalytic degradation of p-xylene and chlorophenol 

over Ag2S-TiO2 nanocomposites. Liu et al. have reported the photocatalytic production of 

hydrogen in the presence of Ag2S sensitized TiO2 nanotube arrays [95]. Fig. 4.21(a) shows the 

degradation kinetics for the methyl orange degradation in the presence of Ag2S-TiO2 

nanocomposites and 3-Ag2S-TiO2 (3 cycles of Ag2S loading on TiO2) nanocomposite shows 

better photocatalytic activity. Fig. 4.21(b) shows the schematic diagram for charge-transfer 

process between Ag2S and TiO2 during methyl orange photodegradation under UV-visible 

irradiation [91]. 

 

Fig. 4.21: Photodegradation of methyl orange in the presence of Ag2S-TiO2 nanocomposites 

and (b) schematic representation of the charge-transfer between Ag2S and TiO2 during 

photodegradation [91]. 

Ag2S-TiO2 nanocomposites have been prepared by different synthetic methods which involve 

two steps. For example, electrochemical anodization of Ti foil for the formation of titanium 

oxide nanotube arrays followed by sequential chemical bath deposition of Ag2S [80,94,96,97], 

hydrothermal method for the preparation of titanium oxide nanotube arrays followed by 

photodeposition of Ag2S [98], electrochemical anodization of Ti foil for titanium nanotube 

arrays followed by photodeposition of Ag2S [93], refluxing mixture of precursors under 

nitrogen atmosphere followed by ultrasound irradiation [89], sol-gel method for TiO2 followed 

by subsequent SILAR process for Ag2S deposition [99], hydrothermal method for titanium 

nanotube arrays followed by SILAR method [86], sol-gel method for TiO2 followed by thermal 

decomposition [83,100], electrochemical anodization of Ti foil for titanium oxide nanotube 

(a) (b) 
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arrays followed by deposition of Ag-Ag2S nanoparticles on TiO2 by hydrothermal method 

[101] and electrochemical anodization of Ti foil for titanium oxide nanotube arrays followed 

by electrodeposition of Ag nanoparticles and in situ sulfurization leading to Ag2S          

deposition [95]. Porous Ag2S sensitized TiO2 nanocomposites have been prepared by the 

hydrothermal method [90]. A brief summary on the synthesis of Ag2S-TiO2 nanocomposites 

by the above mentioned methods is given in Table 4.6. A brief discussion on some of the 

synthetic methods is given below. 

Table 4.6: Different reported methods for the synthesis of Ag2S-TiO2 nanocomposites. 

Sl. 

No. 
Method Chemicals used 

Morphology 

of the 

product 

Size Reference 

1. 

Electrochemical 

anodization and 

sequential 

chemical bath 

deposition 

Titanium (Ti) sheet, 

silver nitrate and 

sodium sulfide 

Nanotube 

arrays 
10 -30 nm [80] 

2. 

Sol-gel method 

and Thermal 

decomposition 

Titanium 

tetraethoxide, silver 

nitrate and sodium 

diethyldithiocarbamate 

Nanospheres 100-600 nm [83] 

3. 

Hydrothermal 

and successive 

ionic layer 

adsorption and 

reaction (SILAR) 

Tetrabutyl titanate, 

silver nitrate and 

sodium sulfide 

Nanotube 

arrays 
5-25 nm [86] 

4. 

Thermal 

decomposition 

and 

sonochemical 

Titanium butoxide, 

silver nitrate and 

sodium sulfide 

Powder 10-15 nm [89] 

5. Hydrothermal 

Commercial TiO2, 

silver nitrate and 

sodium sulfide 

Powder 15-20 nm [90] 

6. Photodeposition 
Anatase TiO2, silver 

nitrate and sulfur 
Film 9.7-13.2 nm [93] 

7. 

Electrochemical 

anodization, 

electrodeposition 

and in situ 

sulfurization 

Titanium foils, silver 

wire and sulfur 

Nanotube 

arrays 
10 nm [95] 



Synthesis and Characterization of Metal Oxide/Metal Sulfide Nanocomposites 

        

164 
 

8. 

Hydrothermal 

and 

photodeposition 

Titanium butoxide, 

silver nitrate and 

sodium sulfide 

Nanotube 

arrays 
10 nm [98] 

9. 

Sol-gel and 

successive ionic 

layer adsorption 

and reaction 

(SILAR) 

Commercial TiO2, 

silver nitrate and 

sodium sulfide 

Film - [99] 

10. 

Electrochemical 

anodization and 

hydrothermal 

Titanium foils, silver 

nitrate and sodium 

sulfide 

Nanotube 

arrays 
100 nm [101] 

11. 

Electrochemical 

anodization and 

successive ionic 

layer adsorption 

and reaction 

(SILAR) 

Titanium foils, silver 

nitrate and sodium 

sulfide 

Nanotube 

arrays 
100-120 nm [102] 

12. 

Solvothermal 

and sequential 

ionic deposition 

(SID) 

Titanium n-butoxide, 

silver nitrate and 

thiourea 

Hierarchical 

spheres 
5-12.5 nm [91] 

Electrochemical anodization followed by sequential chemical bath deposition [80]: Gholami 

et al., have prepared Ag2S incorporated TiO2 nanotube arrays by a two-step method. TiO2 

nanotube arrays are prepared by anodization of titanium sheets (Ti). The electrolyte for the 

anodization consists of de-ionized water and ethylene glycol solution with the volume ratio of 

10:90, containing 0.5 M NH4F. The pH of the solution is adjusted to 5.7 by adding a few drops 

of 1 M H3PO4 aqueous solution. The anodization process is performed at an optimized voltage 

of 60 V for a total time of 200 min. Then, the grown structures are crystallized by heating at 

500 oC for 80 min at a heating rate of 10 oC min-1. Surface modification of titania nanotube 

arrays (TNA) is done by fabricating Ag2S nanoparticles by using sequential-chemical bath 

deposition method (Scheme 4.5). In this method, cationic precursor solution is prepared by 

adding suitable amount of AgNO3 to ethanol (0.1 M). The anionic precursor solution is 

prepared by adding sodium sulfide to methanol (0.1 M). Then, the TNA sample is immersed 

in cationic solution for 1 min. After that the sample is washed by ethanol to remove loosely 

bound and excess precursor on its surface. Afterwards, the sample is immersed in an anionic 

solution for 3 min to deposit Ag2S nanoparticles. Then, the sample is washed with ethanol 

again. These sequential four steps are considered as one cycle. 
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Scheme 4.5: Schematic of sequential-chemical bath deposition (S-CBD) process for the 

deposition of Ag2S nanoparticles on TiO2 nanotube arrays [80]. 

Hydrothermal synthesis [90] : Zhu et al. have prepared porous Ag2S-TiO2 nanocomposites by 

hydrothermal method. Scheme 4.6 shows the schematic diagram for the preparation of        

Ag2S-TiO2 nanocomposites by hydrothermal method. First, suitable amount of TiO2 and silver 

nitrate are added to distilled water and ultrasonicated for 20 min. The already prepared solution 

of sodium sulfide is added to the above solution and stirred for 8 h at 80 oC. The resulting 

solution is then transferred into a Teflon-lined stainless steel autoclave. The contents are then 

heated at 140 oC for 10 h. The precipitate obtained is filtered and washed with water and 

ethanol, and vacuum dried at 100 oC. 

 

Scheme 4.6: Schematic diagram for the preparation of Ag2S-TiO2 nanocomposites by 

hydrothermal method [87]. 
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Sol-gel method followed by thermal decomposition [83,100]: Silver complexes (e.g. silver(I) 

diethyldithiocarbamate) are first prepared. The silver complexes are then decomposed to 

produce silver sulfide nanoparticles in the presence of TiO2 under inert atmosphere to yield the 

Ag2S-TiO2 nanocomposites. The silver dithiocarbamate complex is prepared by the reacting 

sodium diethyldithiocarbamate (Na[S2CN(CH2CH3)2]) with silver nitrate in water. TiO2 

(anatase) particles (spherical) are prepared by the controlled hydrolysis of titanium 

tetraethoxide in ethanol. Then, suitable amount of Ag2S precursor and TiO2 particles are added 

to a mixture of ethylenediamine and acetone. The suspension is refluxed for different time 

intervals in N2 atmosphere to obtain the Ag2S-TiO2 nanocomposites. 

Most of the reported methods for the preparation of the Ag2S-TiO2 nanocomposites require 

inert atmosphere (e.g. N2) and the thermal decomposition time varies between 2 to 8 hours 

[83,92,100]. In the present study, Ag2S-TiO2 nanocomposites have been prepared by a            

two-step method. Nanocrystalline TiO2 was first prepared by sol-gel method [60]. In the second 

step, Ag2S-TiO2 nanocomposites were synthesized by the thermal decomposition of silver 

acetate and thiourea in diphenyl ether in the presence of TiO2 at about 220 oC for one hour. 

Nanocomposites prepared were thoroughly characterized using different analytical techniques. 

4.2.2 Experimental Details 

Chemicals 

The chemicals used were silver acetate (SRL), titanium(IV) isopropoxide (Aldrich), thiourea 

(Rankem), diphenyl ether (Aldrich), nitric acid (Rankem), ethanol (Changshu Yangyuan 

Chemicals, China), methanol (Rankem) and Millipore® water. All the chemicals were used as 

received. 

Synthesis 

Ag2S-TiO2 nanocomposites were synthesized by the thermal decomposition method. Scheme 

4.7 shows the schematic diagram of the synthesis of Ag2S-TiO2 nanocomposites via thermal 

decomposition approach. Nanocrystalline TiO2 was first synthesized by sol-gel method as 

already discussed in section 4.1.2 [60]. In the second step, Ag2S-TiO2 nanocomposites were 

synthesized by refluxing a mixture of silver acetate, thiourea in different ratios and TiO2 

nanoparticles (calcined at 500 oC) in diphenyl ether (boiling point = 257 oC) at about 220 oC 

for one hour. The precipitates obtained were centrifuged, washed with methanol and dried 
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overnight under vacuum to obtain the Ag2S-TiO2 nanocomposite powders. Four different 

nanocomposites were prepared by varying the concentrations of silver acetate and thiourea. 

The designation of various Ag2S-TiO2 nanocomposites, prepared under different synthetic 

conditions, is given in Table 4.7. 

Table 4.7: Designation of various Ag2S-TiO2 nanocomposites prepared under different 

synthetic conditions. 

Sample ID 

Concentration of 

silver acetate 

(mmol) 

Concentration of 

thiourea (mmol) 

Amount of TiO2 

nanoparticles 

(mmol) 

A1 2 1 3.8 

A2 1 0.5 3.8 

A3 0.50 0.25 3.8 

A4 0.30 0.15 3.8 

 

 

Scheme 4.7: Schematic diagram of the synthesis of Ag2S-TiO2 nanocomposites via thermal 

decomposition approach. 
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4.2.3 Results and Discussion 

4.2.3.1 XRD Results 

Fig. 4.22(a) shows the XRD patterns of pure Ag2S, as prepared TiO2 and calcined TiO2 

nanoparticles. Distinct peaks at 25.33°, 37.84°, 48.07°, 53.95°, 62.75°, 70.34°, 75.12° and 82.75° 

corresponding to (101), (004), (200), (105), (204), (220), (215) and (224) reflections of anatase 

(JCPDS file no. 84-1286) are observed in the XRD pattern of TiO2. Silver sulfide is known to 

exist in two main polymorphs; monoclinic α-Ag2S (acanthite) and body centered cubic β-Ag2S 

(argentite). Pure Ag2S nanoparticles show XRD peaks at 26.32°, 28.96°, 31.5°, 34.38°, 36.55°, 

36.80°, 37.71°, 40.8° and 43.45° due to acanthite (JCPDS file no. 14-0072) corresponding to 

(012), (111), (1̅21), (112), (121), (1̅03) , (031), (200) reflections, respectively. Fig. 4.22(b) 

shows the XRD patterns of all the Ag2S-TiO2 nanocomposites (A1-A4). Peaks due to acanthite 

Ag2S and TiO2 (anatase) are present in all the nanocomposites. The crystallite size values of 

TiO2 and Ag2S in the nanocomposites were calculated using the Debye–Scherrer formula. The 

crystallite size values of pure TiO2 and Ag2S nanoparticles were found to be 10 nm and 41 nm, 

respectively. The crystallite size values of Ag2S in the Ag2S-TiO2 nanocomposites A1, A2, A3 

and A4 are 35.3 nm, 28.7 nm, 22.4 nm and 16 nm, respectively. It decreases with decrease in 

the concentration of silver acetate and thiourea used during the synthesis of the Ag2S-TiO2 

nanocomposites. 

Fig. 4.22: XRD patterns of (a) as-prepared TiO2, Ag2S and calcined TiO2 nanoparticles         

(500 oC) and (b) Ag2S-TiO2 nanocomposites (A1-A4). 
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4.2.3.2 FE-SEM and EDXA Results 

Fig. 4.23 shows the FE-SEM images of pure Ag2S, TiO2 nanoparticles and all the Ag2S-TiO2 

nanocomposites (A1, A2, A3 and A4). From the images, it can be noticed that pure Ag2S and 

TiO2 nanoparticles are agglomerated with irregular morphology whereas the Ag2S-TiO2 

nanocomposites consist of more or less uniform particles with close to spherical morphology. 

 

Fig. 4.23: FE-SEM images of pure Ag2S, TiO2 nanoparticles and Ag2S-TiO2 nanocomposites 

(A1-A4). For more details on the samples, see Table 4.7. 

Ag2S TiO2 

A1 A2 

A3 A4 
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Fig. 4.24 shows the EDXA patterns of Ag2S-TiO2 nanocomposites (A1 to A4). The EDX 

analysis indicates the presence of oxygen, titanium, silver and sulfur in all the Ag2S-TiO2 

nanocomposites. Table 4.8 shows the EDX analysis results for all the nanocomposites observed 

at three different spots. Nanocomposite A4 has uniform elemental (Ag, Ti, S and O) 

distribution compared to the other three nanocomposites (A1, A2 and A3). 

 

Fig. 4.24: EDXA patterns of the Ag2S-TiO2 nanocomposites (A1, A2, A3 and A4). 

Table 4.8: EDX analysis data of Ag2S-TiO2 nanocomposites. The analysis was carried at three 

different spots. 

EDX Analysis Data 

Nanocomposite O S Ti Ag 

 Wt% At% Wt% At% Wt% At% Wt% At% 

A1 

50.8 75.9 7.2 13.1 47.0 23.4 1.9 0.4 

51.9 76.6 9.1 16.1 46.9 23.2 1.1 0.2 

46.9 63.7 8.2 14.2 42.8 19.4 1.9 0.5 

A2 

33.0 59.6 1.1 2.1 66.9 40.4 2.2 1.0 

34.5 61.3 1.2 2.5 65.2 38.7 2.4 1.1 

8.5 24.6 2.2 3.2 62.9 60.9 2.5 1.3 



Synthesis and Characterization of Metal Oxide/Metal Sulfide Nanocomposites 

        

171 
 

A3 

36.9 53.7 0.9 0.6 36.0 17.5 1.9 1.1 

34.5 63.3 0.4 0.3 35.8 22.3 1.6 0.4 

35.8 15.7 0.6 12.6 36.8 13.3 1.5 0.8 

A4 

47.8 68.9 0.2 0.3 48.6 23.7 1.4 0.7 

48.0 74.9 0.3 0.6 47.1 24.0 1.3 0.8 

49.3 75.1 0.3 0.2 46.7 23.8 1.6 0.8 

4.2.3.3 TEM and SAED Results 

Fig. 4.25 shows the TEM images of Ag2S and TiO2 nanoparticles. From the images, it can be 

noticed that pure Ag2S and TiO2 nanoparticles show irregular agglomerated particles. The 

average particle size of Ag2S and TiO2 nanoparticles are 45.6 ±16.4 nm and 29.7±10.1 nm, 

respectively. 

 

Fig. 4.25: TEM images of pure Ag2S and TiO2 nanoparticles after calcination at 500 oC. 

Fig. 4.26 shows the TEM images of Ag2S-TiO2 nanocomposites (A1-A4). The TEM images 

show well dispersed spherical Ag2S nanoparticles in the TiO2 matrix. The particle size of Ag2S 

in the nanocomposites varies from 8.8 to 16.3 nm.  

45.6 ± 16.4 

nm 

29.7 ± 10.1 

nm

Ag2S TiO2 
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Fig. 4.26: TEM images of Ag2S-TiO2 nanocomposites (A1-A4). 

Fig. 4.27 shows the HRTEM image and SAED pattern for the A4 nanocomposite. The observed 

lattice spacing of 0.35 nm is attributed to that of (101) plane of anatase. The HRTEM image 

also shows evidence for the presence of Ag2S nanoparticles. The observed 0.31 nm lattice 

spacing is attributed to (111) plane of α-Ag2S. The selected area electron diffraction (SAED) 

pattern of nanocomposite A4 shows diffraction rings, which could be indexed to (312), (105), 

(200), (103), (220) and (204) planes of anatase. The SAED pattern also shows the presence of 

crystalline Ag2S with spots due to (1̅21), (121), (031), (2̅13) and (014) planes. 

 

13.0 ± 2.5 nm 16.3 ± 6.5 nm 

12.4 ± 1.6 nm 8.8 ± 1.9 nm 

A1 A2 

A3 A4 
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Fig. 4.27: HRTEM image and SAED pattern for Ag2S-TiO2 nanocomposite A4. 

4.2.3.4 DRS Results 

Diffuse reflectance spectral analysis in the UV-visible region was carried out for pure Ag2S, 

TiO2 and all the Ag2S-TiO2 nanocomposites (A1-A4). The reflectance values were converted 

to absorbance using the Kubelka-Munk function [93]. 

𝐹(𝑅∞) =
(1 − 𝑅)2

2𝑅
 

Where R is the measured reflectance (%), and F(R∞) is the Kubelka-Munk function. Fig. 4.28 

shows the diffuse reflectance spectra of TiO2, Ag2S and the Ag2S-TiO2 nanocomposites        

(A1-A4). Pure TiO2 exhibits an absorption edge around 400 nm, which corresponds to its band 

gap (3.2 eV). Pure Ag2S nanoparticles show an absorption edge in the visible region around 

560 nm, which corresponds to its band gap of 2.2 eV. This is higher than the bulk band gap of 

Ag2S (1 eV). All the Ag2S-TiO2 nanocomposites show absorption in the visible region (455 to 

480 nm). The band gap of Ag2S in the nanocomposites varies from 2.2 to 2.7 eV and the 

increase in the band gap compared to that of bulk Ag2S is attributed to quantum size effect. 

The crystallite size of Ag2S in the nanocomposites decreases from 35.3 to 16 nm with decrease 

in the concentration of precursors (silver acetate and thiourea) used during the preparation of 

the nanocomposites (Table 4.7). This leads to an increase in the band gap of Ag2S in the     

Ag2S-TiO2 nanocomposites. 
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Fig. 4.28: Diffuse reflectance spectra of Ag2S-TiO2 nanocomposites (A1-A4). 

 Neves et al. [83,100] have reported an absorption band around 400-450 nm for the Ag2S-TiO2 

nanocomposites. Zhu et al. [89,90] have reported a band gap of 1.95 eV for the Ag2S-TiO2 

nanocomposites. Gholami et al. [80] have reported the diffuse reflectance spectra of Ag2S 

nanoparticles incorporated in TiO2 nanotube arrays in the visible region. They report an 

increase in the optical absorption of the samples in the visible region (450–650 nm) with an 

increase in the deposition of Ag2S nanoparticles on the surface of TiO2 nanotube arrays.          

Liu et al. [103] have reported that Ag2S QD-modified TiO2 nanorod films absorb in the region, 

400-500 nm. Xie et al. [94] have reported that Ag2S QDs-sensitized TiO2 nanotube arrays 

absorb in the region, 400-650 nm. Ji et al. [97] have reported the diffuse reflectance spectra of 

TiO2 nanotube arrays, Ag2S, N3 dye and Ag2S and N3 sensitized TiO2 nanotube arrays. 

Compared to the pristine TiO2, the absorption of Ag2S, N3 and Ag2S & N3 dye sensitized TiO2 

nanotube arrays is significantly enhanced in the visible region. Ag2S and N3 co-sensitized TiO2 

nanotube arrays have absorption in the region 400 to700 nm and the absorption is higher than 

that of Ag2S or N3 sensitized TiO2 nanotube arrays. Hu et al. [98] have reported that Ag2S QDs 

deposited on TiO2 nanotube arrays absorb in the region 400 to 520 nm. Fan et al. [101] have 

reported that Ag–Ag2S hybrid nanoparticles deposited on TiO2 nanotube arrays absorb in the 

region 400–550 nm. Liu et al. [95] have reported that TNAs sensitized with Ag2S nanoparticles 

have remarkable absorption capability in the visible as well as UV region. In the present study, 

the synthesized Ag2S-TiO2 nanocomposites show absorption in the range 455480 nm. 
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4.2.3.5 Surface area Analysis (BET) 

The BET surface area values for the Ag2S-TiO2 nanocomposites, A1, A2, A3 and A4 are       

12.8 m2/g, 27.6 m2/g, 41.3 m2/g and 54.5 m2/g, respectively. The Ag2S-TiO2 nanocomposites 

possess higher surface area compared to pure Ag2S (5.8 m2/g) and TiO2 nanoparticles            

(22.6 m2/g). The surface area of the nanocomposites increases as the concentration silver 

acetate and thiourea used during preparation of the nanocomposites decreases from A1 to A4 

(Table 4.7). The decrease in surface area is explained in terms of the formation of larger Ag2S 

particles as the concentrations of silver acetate and thiourea are increased during the 

preparation of the nanocomposites. From FE-SEM, TEM and EDX analyses, it was found that 

nanocomposite A4 has uniform distribution of smaller silver sulphide nanoparticles                  

(8.8 ± 1.9 nm) over the TiO2 matrix. The nanocomposite A4 possesses the highest surface area 

(54.5 m2/g) among the nanocomposites and hence possesses more active adsorption sites for 

rhodamine B, which improves the photocatalytic activity [104,105]. 

Neves et al. [83,100] have prepared Ag2S-TiO2 nanocomposites by thermal decomposition 

approach. Silver(I) diethyldithiocarbamate complex was used as the source for Ag2S and TiO2 

submicron particles were used as the substrate. The nanocomposites were prepared by adding 

ethylenediamine drop wise to an acetone solution of Ag(I) dithiocarbamato complex and TiO2 

particles. The suspension formed was then refluxed with stirring under N2 for different time 

intervals (2-8 h). The authors have reported photodegradation of phenol by the Ag2S-TiO2 

nanocomposites. Mossalayi et al. [92] have also synthesized Ag2S-TiO2 nanocomposites by the 

thermal decomposition approach. The nanocomposites were prepared by refluxing a 

suspension of silver thiobenzoate precursor dissolved in trioctylphosphine with a warm mixture 

containing hexadecylamine and TiO2 under nitrogen at 60-120oC for 2 h. They have used the 

Ag2S-TiO2 nanocomposites for the photodegradation of p-xylene and chlorophenol. The 

reported thermal decomposition methods have used silver complexes as the precursors for the 

preparation of Ag2S nanoparticles.  

In the present study, simple precursors like silver acetate and thiourea have been used for the 

preparation of Ag2S nanoparticles and no inert atmosphere is required. The precursors were 

decomposed in diphenyl ether in the presence of TiO2 at about 220 oC for one hour to get the 

Ag2S-TiO2 nanocomposites. 
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4.2.3.6 Mechanism of the formation of Ag2S-TiO2 nanocomposites 

Ag2S-TiO2 nanocomposites were synthesized by a two-step method. In the first step, TiO2 

nanoparticles were prepared by sol-gel method as discussed in Section 4.1.3.6. The second step 

involves thermal decomposition of silver acetate and thiourea at about 220 oC in the presence 

of TiO2 nanoparticles (calcined at 500 oC) in diphenyl ether. Reaction of silver acetate and 

thiourea at temperature less than 150 oC leads to the formation of silver acetate-thiourea 

complex which on further heating decomposes to give Ag2S nanoparticles [70,106]. The 

proposed reactions involved during the synthesis of Ag2S-TiO2 nanocomposites are as follows: 

(CH3COO)Ag + (NH2)2CS → CH3COOAg– S– C(NH2)2 + CH3COOH 

TiO2 + 2CH3COOAg– S– C(NH2)2

∆
→ Ag2S − TiO2 + CS(NH2)2 + N ≡ CNH2 + 2CH3COOH 

4.2.4 Conclusions 

A simple thermal decomposition method for the synthesis of Ag2S-TiO2 nanocomposites has 

been described. The nanocomposites were characterized using different analytical techniques. 

XRD results confirm the presence of both Ag2S and TiO2 nanocrystallites in the composites. 

The crystallite size of Ag2S in the nanocomposites increases with an increase in the 

concentration of precursors (silver acetate and thiourea) used during the preparation of        

Ag2S-TiO2 nanocomposites. FE-SEM and TEM results indicate uniform distribution of small 

Ag2S nanoparticles on the surface of TiO2 and diffuse reflectance spectral studies indicate 

higher band gap of Ag2S in the nanocomposites compared to bulk Ag2S. The band gap of Ag2S 

in the nanocomposites increases with decrease in the size of Ag2S nanoparticles. 
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5.1 Synthesis and Characterization of CdS--Fe2O3 Nanocomposites by Thermal 

Decomposition Approach 

5.1.1. Introduction 

Metal oxide-metal sulfide nanocomposites are of current technological interest due to their 

wide applications in solar energy conversion, optoelectronic devices, and photocatalysis [1]. 

Metal sulfide semiconductor nanocrystals such as CdS, ZnS, CuS and PbS have been coupled 

with metal oxide semiconductors such as TiO2, SnO2, ZnO and Fe2O3 to extend their photo 

response to visible region. The coupling facilitates charge separation by accumulating electrons 

and holes in separate particles [2,3]. Some of the recently reported metal oxide-metal sulfide 

nanocomposites that are useful for the photocatalytic degradation of organic dye pollutants 

include CdS-TiO2, Fe3O4-ZnS, CuS-ZnO, CdS-Fe2O3 and PbS-TiO2 [4–8]. 

Synthesis of iron oxide based semiconductor nanocomposites is of immense interest        

recently [9–11]. Because of their low cost, easy production, environmental friendliness and 

good chemical stability, iron oxide nanoparticles have been extensively investigated for a wide 

variety of applications such as catalysis, water treatment, sensors, magnetic materials, 

pigments, drug delivery and lithium ion batteries [12–19]. With low band gap (∼2.0 to 2.2 eV), 

-Fe2O3 absorbs in the visible region and it is one of the most promising photocatalysts in this 

region [20]. However, the photo-induced electron-hole pairs in -Fe2O3 easily undergo 

recombination which inhibits its application as an efficient photocatalyst. To overcome this 

drawback, composites of -Fe2O3 with other semiconductors such as CdS [7], SnO2 [18], and 

TiO2 [21] have been prepared. CdS is a semiconductor with a direct band gap of 2.42 eV and 

regarded as one of the most important photocatalysts in the visible region. However, CdS is 

susceptible to photo corrosion in aqueous media due to which it is not preferred for applications 

in environmental remediation [22]. In recent times, attempts have been made to prepare CdS 

based nanocomposites [7]. CdS is coupled with another semiconductor with lower but closely 

lying conduction band and appropriate valence band. Charge separation occurs at the interface 

of the two semiconductors and the photo generated carriers interact with the reactants 

efficiently at the interface [23]. CdS-Fe2O3 hetreojunctions are good photocatalysts for the 

degradation of hazardous organic dyes such as methylene blue and congo red, and 

photocatalytic reduction of Cr(VI), and hydrogen production [24–27]. 

CdS-Fe2O3 nanocomposites with different morphologies have been reported (Fig. 5.1).            

Wu et al. have prepared CdS nanowires decorated with Fe2O3 nanoparticles by a two-step 
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solvothermal method [7]. Wang et al. have synthesized CdS nanowires decorated with Fe3O4 

microspheres by the same method [24]. Shi et al. have grown CdS nanoparticles on single 

crystalline α-Fe2O3 nanorods by hydrothermal and solution routes [28]. Wu et al. have 

synthesized CdS urchin-like micro-spheres decorated with hematite/magnetite nanoparticles 

by the solvothermal method [29]. Zhang et al. have synthesized hierarchical -Fe2O3/CdS 

microflowers with -Fe2O3 core and CdS shell through chemical bath deposition [26].       

Preethi et al. have synthesized Fe2O3@CdS@ZnS core-shell nanoparticles by a multi-step 

solution route [27]. Chen et al. have deposited CdS nanoparticles on Fe2O3 nanorods via a three 

step hydrothermal method [30]. Kwon et al. have synthesized hetero-structured nanocrystals 

of γ-Fe2O3 and CdS by airless thermal decomposition of Fe(CO)5 in octyl ether in the presence 

of oleic acid [31]. Liu et al. have synthesized Zn1-xCdxS/γ-Fe2O3 nanocomposites (x = 0 to 1) 

by a solution combustion method [32]. Most of the reported methods for the preparation of 

CdS-Fe2O3 nanocomposites consist of multi-steps with long reaction time and the methods 

often require expensive reagents. A brief summary on the synthesis of CdS-Fe2O3 

nanocomposites by the above mentioned methods are given in Table 5.1. 

 

Fig. 5.1: CdS-Fe2O3 nanocomposites with different morphologies: (a) CdS nanowires 

decorated with -Fe2O3 nanoparticles [24], (b) corn like α-Fe2O3/CdS nanocomposites [28],  

(c) CdS urchin-like microsphere decorated -Fe2O3 nanoparticles [29] and (d) γ-Fe2O3/CdS 

hetreojunctions [31]. 
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Table 5.1: Different reported methods for the synthesis of CdS-Fe2O3 nanocomposites. 

Sl. 

No. 
Method Chemicals used 

Morphology 

of the product 
Size Reference 

1. 
Solvothermal 

synthesis 

Ferric nitrate, PVP, 

cadmium nitrate 

and sulfur 

-Fe2O3 

decorated CdS 

nanowires 

20-30 nm [7] 

2. 
Solvothermal 

synthesis 

Ferric nitrate, 

cadmium chloride, 

sodium diethyl 

dithiocarbamate 

and PVP 

-Fe2O3 

decorated CdS 

nanowires 

40-50 nm [24] 

3. 
Hydrothermal 

synthesis 

Maghemite, 

cadmium chloride 

and sulfocarbamide 

Powder 18-30 nm [25] 

4. 

Hydrothermal 

and chemical 

bath method 

Ferric chloride, 

urea, cadmium 

sulfate and thiourea 

CdS deposited  

-Fe2O3 

microflowers 

-Fe2O3  

= 1-2 m, 

CdS = 3-5 nm

[26] 

5. Solution route 

Ferric nitrate, PVA, 

cadmium acetate 

and sodium sulfate 

Core-shell - [27] 

6. 

Hydrothermal 

and solution 

method 

Ferric chloride, 

cadmium sulfate 

and thiourea 

Corn-like 

-Fe2O3 

 = 50-400 nm 

and  

CdS = 20 nm 

[28] 

7. 
Solvothermal 

synthesis 

Ferrous sulphate, 

cadmium acetate 

and thiourea 

CdS urchin-

like 

microspheres 

decorated with 

haematite or 

magnetite 

CdS = 2 m 

-Fe2O3  

= 20 nm, 

Fe3O4  

= 30 nm 

[29] 
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8. 
Hydrothermal 

synthesis 

Ferric chloride, 

cadmium nitrate 

and thiourea 

Hierarchical 

-Fe2O3 

diameter  

= 30-150 nm 

and length 

 = 0.5-1.5 μm, 

CdS diameter 

=15-30 nm 

and length = 

40-60 nm 

[30] 

9. 
Thermal 

decomposition 

Iron pentacarbonyl, 

cadmium 

acetylacetonate and 

sulfur 

Core-shell 

-Fe2O3 

 = 8 nm and 

CdS 

 = 4.6 nm 

[31] 

A brief discussion on some of the synthetic methods is given below. 

Solvothermal synthesis [29]: Wu et al., have prepared CdS/-Fe2O3 and CdS/Fe3O4 by two step 

solvothermal method. In the first step, urchin-like CdS microspheres are prepared. In this 

method, a specific amount of cadmium acetate is dissolved in mixed solvents of                               

1, 6-hexanediamine and ammonia with a volume ratio of 1:3 (total volume = 40 mL). Then, 

thiourea is added and stirred for dissolution. After that, the resulting solution is transferred into 

a 50 mL autoclave and maintained at 150 oC for 10 h. The yellow precipitate obtained is washed 

with distilled water and absolute ethanol several times, then dried in vacuum at 50 oC for 10 h. 

In the second step, the prepared CdS urchin-like microspheres are dispersed in the mixed 

solvents of ethylene glycol and water with the volume ratio of 1:3 (total volume = 40 mL) for 

preparation of CdS/-Fe2O3 and with a volume ratio of 1:1 (total volume = 40 mL) for the 

preparation of CdS/Fe3O4. After that, a specific amount of ferrous sulfate is added and stirred 

for 15 min at room temperature. Then, the resulting solution is transferred to a 50 mL autoclave 

and maintained at 150 oC for 12 h. The final product obtained is washed with distilled water 

and absolute ethanol several times and dried in vacuum at 50 oC for 10 h. 

Hydrothermal and solution method [28]: Shi et al. have prepared α-Fe2O3/CdS corn-like 

nanorods by a two-step hydrothermal and solution method. In the first step, α-Fe2O3 is prepared 

by hydrothermal method. In this method, a specific amount of ferric chloride is dissolved in 
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distilled water and an aqueous solution of NaOH (2 M) is added to get the precipitate. The 

precipitate obtained is washed with distilled water and again dispersed in an aqueous solution 

of NaOH (2 M). Then, the resulting suspension is transferred to an autoclave and maintained 

at 160 oC for 20 h. The product obtained is cooled to room temperature and is washed with 

distilled water and ethanol. After that, the -Fe2O3 nanorods obtained are dried and calcined at 

400 oC for 3 h. In the second step, certain amount of α-Fe2O3 nanorods are dispersed in distilled 

water under magnetic stirring and then specified amount of CdSO4, thiourea and ammonia are 

added into the suspension. The resulting mixture is kept at 60 °C under vigorous magnetic 

stirring for 3 h. The obtained product is washed with deionized water and ethanol, and then 

vacuum dried at 70°C for 3 h. 

Hydrothermal and chemical bath method [26]: Zhang et al. have prepared hierarchical         

CdS/α-Fe2O3 by a two-step hydrothermal and chemical bath method. In the first step, 

hierarchical α-Fe2O3 microflowers are prepared by hydrothermal method. In this method, 

specified amounts of ferric chloride and urea are dissolved in ethylene glycol under stirring. 

Then, the suspension is transferred to a 200 mL autoclave and is heated at 160 °C for 8 h. The 

product obtained is washed with absolute ethanol, and vacuum dried at 60 °C for 6 h. The 

powders are then calcined at 500 °C for 10 min in air. In the second step, CdS/α-Fe2O3 

nanocomposite is prepared by chemical bath method. In this method, certain amount of α-Fe2O3 

microflowers is dispersed in deionized water under constant stirring and then cadmium sulfate, 

thiourea and ammonia are added to the suspension. The resulting mixture is kept at 60 oC for 

3 h under vigorous magnetic stirring. The obtained product is washed with distilled water and 

ethanol, and dried at 40 oC for overnight. 

Thermal decomposition [31]: Kwon et al. have prepared -Fe2O3/CdS hetreojunctions by two 

step thermal decomposition method (Scheme 5.1). First, γ-Fe2O3 nanocrystals are synthesized 

by thermal decomposition of iron pentacarbonyl at 290 oC for 60 min in the presence of oleic 

acid and octyl ether in N2 atmosphere. In the second step, specified amount of sulfur is added 

to the solution containing -Fe2O3 nanocrystals at 100 oC and is stirred for 5 min. After that 

cadmium acetylacetonate, 1, 2-hexadecanediol and trioctylphosphine oxide are added at 80 oC 

with constant stirring. The mixture is then refluxed at 230-280 oC for a few minutes to several 

hours. The final product is precipitated with methanol and is dissolved in hexane or chloroform. 
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Scheme 5.1: Illustration of the synthesis of -Fe2O3/CdS nanocomposites by thermal 

decomposition approach [31]. 

In the present study, CdS--Fe2O3 nanocomposites were synthesized by a single step thermal 

decomposition of iron acetylacetonate, cadmium acetate and thiourea in diphenyl ether at about 

200 oC for 35 min. The CdS--Fe2O3 nanocomposites were characterized by different 

techniques and their optical and magnetic properties were studied. 

5.1.2 Experimental Details 

Chemicals 

The chemicals used were cadmium acetate (Himedia), thiourea (Rankem), iron(III) 

acetylacetonate (ACROS), diphenyl ether (Aldrich), and methanol (Rankem). All the 

chemicals were used as received. The CdS--Fe2O3 nanocomposites were synthesized by the 

thermal decomposition method and more details are as follows. 

Synthesis 

Six different CdS--Fe2O3 nanocomposites (Table 5.2) were prepared by varying the 

concentration of cadmium acetate, thiourea and iron acetylacetonate and also by varying the 

thermal decomposition time. The reagents (iron acetylacetonate, cadmium acetate and 

thiourea) were added to 10 mL of diphenyl ether in a round bottom flask and refluxed in air at 

about 200 oC for 35 min or 70 min. Then, 30 mL methanol was added to the contents to get the 

precipitate. The precipitates obtained were centrifuged, washed with methanol and dried 

overnight under vacuum to obtain the CdS--Fe2O3 nanocomposite powders (Scheme 5.2). For 

comparison purpose, pure CdS and Fe2O3 nanoparticles were also prepared using the similar 

synthetic procedure. 
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Scheme 5.2: Synthesis of CdS--Fe2O3 nanocomposites by thermal decomposition approach. 

Table 5.2: Designation of various CdS--Fe2O3 nanocomposites prepared using different 

synthetic conditions. 

Sample code 
Fe(acac)3 

(mmol) 
Cd(Ac)2 (mmol) 

Thiourea 

(mmol) 

Thermal 

decomposition 

time (min) 

Fe2O3 1 - - 35 

CdS - 1 1 35 

FC1 1 0.1 0.1 35 

FC2 1 0.25 0.25 35 

FC3 1.25 1 1 35 

FC4 1 0.1 0.1 70 

FC5 1 0.25 0.25 70 

FC6 1.25 1 1 70 

Refluxed at 200 
o
C, 35 min or 70 min 

i) Allowed to cool 

ii) Precipitation with methanol 

Dried under vacuum 

Iron 

acetylacetonate 

Cadmium 

acetate 

Diphenyl ether 

(10 mL) 
Thiourea 

Slurry 

Dark brown 

Precipitate 

CdS--Fe2O3 

nanocomposite 
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5.1.3 Results and Discussion 

5.1.3.1 XRD results 

The X-ray diffraction patterns of pure Fe2O3, CdS nanoparticles and all the CdS--Fe2O3 

nanocomposites (FC1-FC6) are shown in Fig. 5.2. Pure iron oxide nanoparticles do not show 

any feature in the XRD pattern. Since the thermal decomposition of iron acetylacetonate was 

carried out in the presence of air and under refluxing conditions in diphenyl ether, the product 

obtained is proposed to be -Fe2O3 [33]. Further evidence for the presence -Fe2O3 comes from 

transmission electron microscopy (TEM) measurement and selected area electron diffraction 

(SAED) results discussed later. Pure CdS nanoparticles and all the CdS--Fe2O3 

nanocomposites show peaks at 2θ values of 24.8°, 26.53°, 28.2°, 36.28°, 43.9°, 47.9°, 51.9° and 

70.8° corresponding to (100), (002), (101), (102), (110), (103), (112) and (211) reflections of 

wurtzite CdS (JCPDS no. 41-1049). The crystallite size of CdS in the nanocomposites, 

calculated using Debye-Scherrer formula, varies from 1.2 to 2.9 nm while the crystallite size 

of pure CdS nanoparticles is about 5.7 nm. In general, the crystallite size of CdS in the 

nanocomposites increases with an increase in the concentration of cadmium acetate and 

thiourea used during their synthesis. 
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Fig. 5.2: XRD patterns of pure Fe2O3, CdS nanoparticles and CdS--Fe2O3 nanocomposites 

(FC1-FC6). 
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5.1.3.2 FT-IR Results 

The IR spectra of pure Fe2O3, CdS nanoparticles and all the nanocomposites are shown in      

Fig. 5.3. All the samples show bands near 3400 cm-1 and 1630 cm-1 attributed to O–H stretching 

and bending, respectively, due to physisorbed water molecules [34]. The IR bands in the    

3000–2500 cm-1 range in the nanocomposites are attributed to C–H stretching. The IR bands 

in the range 2500-2000 cm-1 are attributed to CO2 present in the chamber of IR spectrometer 

during the spectral measurements and the band at 1049 cm-1 is attributed to C–O–C stretching 

[35]. The band at 1421 cm-1 is attributed to the stretching vibration of COO– [36]. These bands 

suggest the presence of organic content adsorbed on the surface of the CdS--Fe2O3 

nanocomposites [36,37]. The band at 503 cm-1 is attributed to Cd–S stretching [38] and the IR 

bands at about 553 and 480 cm-1 are attributed to the characteristic vibrations of -Fe2O3 [20]. 
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Fig. 5.3: FT-IR spectra of pure Fe2O3, CdS nanoparticles and CdS--Fe2O3 nanocomposites 

(FC1-FC6). 

5.1.3.3 TGA Results 

TGA measurements were carried out for pure -Fe2O3, CdS and the nanocomposites            

(FC1-FC6) (Fig. 5.4). Pure iron oxide shows a weight loss of 23.1% and pure CdS shows a 

weight loss of 12.2% in the range 25 oC to 400 oC. The weight loss is attributed to the removal 

of organic molecules (e.g. diphenyl ether, acetylacetonate, methanol etc.) from the 

nanocomposites. The nanocomposites FC1, FC2, FC3, FC4, FC5 and FC6 exhibit %wt loss of 
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30.8, 18.4, 6.6, 45.5, 6.7 and 3.9, respectively. The nanocomposites FC1 and FC4 show more 

weight loss compared to the other nanocomposites and this is attributed to the presence of more 

organic moieties and some undecomposed precursors (e.g. iron acetylacetonate) in these 

nanocomposites. At about 450 oC, there is weight gain in pure CdS and all the CdS--Fe2O3 

nanocomposites. The pure CdS and all the nanocomposites (FC1, FC2, FC3, FC4, FC5 and 

FC6) show weight gain of 4.0, 5.6, 6.3, 16.7, 2.1, 6.0 and 15.6%, respectively, and this weight 

gain in all the cases is attributed to the formation of CdO and CdSO4 [39,40]. After 840 oC pure 

CdS and all the nanocomposites (FC1-FC6) show continuous weight loss due to the 

decomposition of CdO. 
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Fig. 5.4: TGA curves of pure -Fe2O3, CdS nanoparticles and all the CdS--Fe2O3 

nanocomposites (FC1-FC6). 

5.1.3.4 FE-SEM and EDXA Results 

Fig 5.5 shows the FE-SEM images of pure -Fe2O3, CdS nanoparticles and all the CdS--Fe2O3 

nanocomposites (FC1-FC6). Pure -Fe2O3 (Fig. 5.5(a)) shows small agglomerated 

nanoparticles with no regular morphology and pure CdS (Fig. 5.5(b)) shows agglomerated 

sphere-like particles. The nanocomposites FC1 and FC4 (Figs. 5.5(c) and 5.5(f)) show 

agglomerated particles with no particular morphology. On the other hand, nanocomposites 

FC2, FC3, FC5 and FC6 (Fig. 5.5(d), (e), (g) and (h), respectively) show agglomerated sphere-

like particles. 
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Fig. 5.5: FE-SEM images of (a) pure Fe2O3, (b) CdS nanoparticles and the CdS--Fe2O3 

nanocomposites; (c) FC1, (d) FC2, (e) FC3, (f) FC4, (g) FC5 and (h) FC6. 

(b) (a) 

(c) (d) 

(e) (f) 

(g) (h) 
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Fig. 5.6 shows the EDXA patterns of CdS--Fe2O3 nanocomposites (FC1- FC6). The EDX 

analysis shows the presence of oxygen, iron, cadmium and sulfur in all the CdS--Fe2O3 

nanocomposites. 

 

Fig. 5.6: EDXA patterns of CdS--Fe2O3 nanocomposites (FC1-FC6). 

Table 5.3 shows the energy dispersive X-ray (EDX) analysis results on the CdS--Fe2O3 

nanocomposites. The nanocomposites FC1, FC2, FC3, FC5 and FC6 show fairly uniform 

elemental distribution and nanocomposite FC4 exhibits non-uniform elemental distribution. 

 

 

 

FC1 FC2 

FC3 FC4 

FC5 FC6 
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Table 5.3: EDX analysis data for the CdS--Fe2O3 nanocomposites. 

Nanocomposite Cd S Fe O Comment 

 Wt% At% Wt% At% Wt% At% Wt% At%  

FC1 

11.1 6.0 9.0 8.3 39.9 15.7 37.9 69.8 

Uniform 11.8 2.7 5.3 4.2 39.8 16.0 47.9 77.0 

11.0 2.6 8.9 7.6 38.8 15.0 41.2 70.6 

FC2 

60.7 27.1 23.6 36.9 5.9 5.3 9.7 30.6 

Uniform 60.2 31.4 24.8 43.2 5.6 6.6 5.4 18.8 

60.5 31.1 24.2 43.8 6.1 6.2 5.8 17.8 

FC3 

70.9 34.7 14.9 25.6 2.6 3.6 10.5 35.9 

Uniform 71.6 40.4 18.5 35.6 2.2 2.5 5.5 21.4 

71.9 39.5 18.9 36.0 2.4 2.6 5.7 21.9 

FC4 

9.3 3.5 4.8 6.3 71.9 53.8 23.9 36.4 

Non-uniform 14.1 1.3 3.8 4.3 69.9 54.8 22.1 49.5 

15.5 5.8 11.5 14.8 69.6 45.8 12.7 33.6 

FC5 

45.8 16.6 16.2 20.8 17.0 14.8 18.5 47.7 

Uniform 46.1 31.2 21.2 36.7 18.9 18.9 6.7 23.2 

46.2 18.2 16.2 21.4 17.7 13.5 17.7 46.9 

FC6 

28.7 11.2 14.1 19.3 44.8 35.9 12.4 34.1 

Uniform 28.8 11.1 14.2 19.2 43.8 34.2 13.2 35.4 

28.6 12.8 14.7 18.2 45.7 34.1 13.2 35.7 

5.1.3.5 TEM and SAED Results 

The particle size and morphology of the CdS--Fe2O3 nanocomposites were investigated by 

transmission electron microscopy (TEM) analysis. The TEM images for pure -Fe2O3 and CdS 

nanoparticles are shown in Fig. 5.7. The TEM image of Fe2O3 (Fig. 5.7(a)) shows that the 

nanoparticles are very small (∼2 nm) and they are agglomerated. The selected area electron 

diffraction (SAED) pattern of -Fe2O3 nanoparticles (Fig. 5.7(b)) shows rings that are attributed 

to (311), (410), (511) and (440) planes of -Fe2O3 (JCPDS no. 39-1346). The TEM image of 

CdS nanoparticles (Fig. 5.7(c)) shows agglomerated nanoparticles with no particular shape. 

Fig. 5.7(d) shows the SAED pattern of CdS nanoparticles and the observed rings are attributed 

to (103), (100), (110) and (300) planes of polycrystalline hexagonal CdS. 
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Fig. 5.7: TEM images and SAED patterns of pure Fe2O3 ((a) and (b)), and CdS nanoparticles 

((c) and (d)). 

Fig. 5.8 shows the TEM images of CdS--Fe2O3 nanocomposites FC1, FC2, FC3, FC5 and 

FC6. The images reveal that small nanoparticles are agglomerated to produce particles with 

close to spherical morphology. Nanocomposites FC4, FC5 and FC6 were prepared in order to 

understand the effect of thermal decomposition time on the morphology of final products. It 

was found from FE-SEM images and electron microscopy studies of FC2 and FC5, and, FC3 

and FC6 that there is not much difference in the morphology of nanocomposites when the 

thermal decomposition time is increased from 35 to 70 minutes. 

(a) (b) 

(c) (d) 
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Fig. 5.8: TEM images and SAED patterns of CdS--Fe2O3 nanocomposites; (a) FC1, (b) FC2, 

(c) FC3, (d) FC5 and (e) FC6. 
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Fig. 5.9 shows the SAED patterns of CdS--Fe2O3 nanocomposites FC1, FC2, FC3, FC5 and 

FC6. The SAED pattern of nanocomposite FC1 shows rings attributed to (311) and (440) planes 

of -Fe2O3. The SAED patterns of nanocomposites FC2 and FC3 show rings that are attributed 

to (103), (100), (101) planes of polycrystalline hexagonal CdS and (311), (440) planes of                

-Fe2O3. The SAED patterns of nanocomposites FC5 and FC6 show rings that are attributed to 

(103), (100), (101) planes of polycrystalline hexagonal CdS and (311), (511), (440) planes of      

-Fe2O3. 

 

Fig. 5.9: SAED patterns of CdS--Fe2O3 nanocomposites FC1, FC2, FC3, FC5 and FC6. 
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The high resolution TEM images (HRTEM) of nanocomposites FC1, FC2 and FC3 are shown 

in Fig. 5.10. The observed interplanar spacing of 0.35 nm in nanocomposites FC1, FC2 and 

FC3 corresponds to (100) plane of hexagonal CdS. The interplanar spacing of 0.37 nm in        

Fig. 5.10(a), 0.34 nm in Fig. 5.10(b) and 0.25 nm in Fig. 5.10(c) corresponds to (210), (211) 

and (311) planes of -Fe2O3, respectively. 

 

Fig. 5.10: HRTEM images of CdS--Fe2O3 nanocomposites; (a) FC1, (b) FC2 and (c) FC3. 

5.1.3.6 DRS Results 

The diffuse reflectance spectra (DRS) of pure -Fe2O3, CdS nanoparticles and the CdS--Fe2O3 

nanocomposites (FC1-FC6) are shown in Fig. 5.11. The CdS--Fe2O3 nanocomposites exhibit 

optical absorption in the visible region. 

(a) (b) 

(c) 
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Fig. 5.11: DRS spectra of -Fe2O3, CdS nanoparticles and the CdS--Fe2O3 nanocomposites 

(FC1-FC6). 

The optical band gap of -Fe2O3, CdS nanoparticles and the CdS--Fe2O3 nanocomposites was 

estimated by plotting (h)2 vs. h (Tauc plots) using the relation: 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
1/2

 

Where  is the absorption coefficient, h is the photon energy, Eg the optical band gap and A 

is a constant. From the Tauc plots (Fig. 5.12), Eg was estimated by extrapolating a straight line 

from the absorption curve to the X-axis. Pure -Fe2O3 and CdS nanoparticles have band gap of 

1.9 eV and 2.45 eV, respectively. The nanocomposites FC1, FC2, FC3, FC4 and FC6 show 

band gap absorption at about 1.8 eV, 2.1 eV, 2.45 eV, 2.2 eV, and 2.35 eV, respectively. 

Nanocomposite FC5 possesses nearly the same band gap as that of FC2 (2.1 eV). In general, 

the band gap of nanocomposites increases with an increase in the concentration of CdS (FC1 

to FC3). 
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Fig. 5.12: Tauc plots of pure -Fe2O3, CdS nanoparticles and the CdS--Fe2O3 nanocomposites 

(FC1-FC6). 
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5.1.3.7 Photoluminescence Spectroscopy Results 

Fig. 5.13 shows the photoluminescence spectra of pure -Fe2O3, CdS nanoparticles and the 

CdS--Fe2O3 nanocomposites (FC1-FC6). The spectra for the nanocomposites were 

normalized with respect to the amount of CdS present in the nanocomposites, as determined 

by the atomic absorption spectroscopy (AAS) analysis. Pure -Fe2O3 shows a small emission 

hump at 470 nm which is attributed to the presence of oxygen vacancies, defects and other 

structural impurities [41]. Pure CdS nanoparticles show band edge emission at about 529 nm 

with a broad shoulder at 560 nm attributed to Cd2+ and S2- vacancies [42]. Nanocomposites 

FC1 and FC5 show band edge emission due to CdS at about 510 nm and nanocomposites FC3 

and FC6 show band edge emission at about 475 nm. Nanocomposite FC2 shows band edge 

emission due to CdS at 465 nm and nanocomposite FC4 shows band edge emission due to CdS 

at 504 nm and a broad shoulder at 560 nm attributed to vacancies. There is a blue shift of the 

CdS band edge emission in the CdS--Fe2O3 nanocomposites compared to pure CdS 

nanoparticles. The blue shift is attributed to quantum size effect due to decrease in the particle 

size of CdS in the nanocomposites. The blue shift is more in the case of nanocomposites FC2 

and FC3 as compared to that in FC1 and FC5 in spite of the larger crystallite size of CdS and 

this is attributed to the presence of defects [26,42]. The CdS--Fe2O3 nanocomposites contain 

CdS content (from AAS analysis) of 0.93%, 26.3%, 60.3%, 7.2%, 25.9% and 10.9% for FC1, 

FC2, FC3, FC4, FC5 and FC6, respectively. In general, the PL intensity of the CdS--Fe2O3 

nanocomposites decreases as compared to pure CdS nanoparticles which is attributed to an 

efficient charge separation in the nanocomposites [7,26]. Nanocomposite FC3 exhibits the 

highest PL emission intensity among the nanocomposites. The nanocomposites FC2 and FC5 

exhibit less emission intensity compared to FC3 due to decrease in the CdS content. The 

nanocomposites FC1, FC4 and FC6 have less CdS content and thus exhibit lower emission 

intensity compared to the other nanocomposites (FC2, FC3 and FC5). The presence of a broad 

emission band at 475 nm in the nanocomposite FC6 is attributed to the transfer of excited 

electrons from the conduction band of CdS to the empty surface oxygen vacancies on the 

surface of iron oxide. Although nanocomposites FC1 and FC4 contain appreciable amount of 

iron oxide, they possess less amount of CdS compared to FC6 (see Table 5.3). The decrease in 

emission intensity at 475 nm in nanocomposite FC6 compared to FC1 and FC4 is attributed to 

the presence of smaller amount of CdS in these nanocomposites. 
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Fig. 5.13: Photoluminescence spectra of pure -Fe2O3, CdS nanoparticles and the CdS--Fe2O3 

nanocomposites (FC1-FC6). 

5.1.3.8 Magnetic Measurements 

Typical field dependent magnetization (M-H) plots for pure iron oxide nanoparticles and the           

CdS--Fe2O3 nanocomposites with uniform elemental distribution (FC1 and FC2) at 300 K and 

5 K are shown in Fig. 5.14. Pure -Fe2O3 nanoparticles show superparamagnetic behaviour at 

300 K, while at 5 K, weak ferromagnetic behaviour is observed with Mr and Hc values of         

0.32 emu/g and 0.03 T, respectively. At 300 K, the magnetization of -Fe2O3 nanoparticles 

saturates with a Ms value of 0.61 emu/g while at 5 K, the magnetization does not saturate at a 

maximum field of 3 Tesla. The CdS--Fe2O3 nanocomposites FC1 and FC2 show 

superparamagnetic behaviour at 300 K, weak ferromagnetic behaviour at 5 K and saturation of 

magnetization is not observed in these nanocomposites at 5 K. Pure iron oxide nanoparticles 

and all the nanocomposites show coercivity at 5 K but not at 300 K and this is attributed to 

thermal fluctuation of the blocked moments across the anisotropy barrier [43,44]. 

Nanocomposite FC1 shows higher coercivity (0.05 T) compared to pure iron oxide 

nanoparticles which is attributed to lager particle size of iron oxide in the nanocomposite which 
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increases the anisotropic energy in the single domain [39]. On the other hand, nanocomposite 

FC2 exhibits lower coercivity (0.033 T) compared to nanocomposite FC1 due to the formation 

of particles in multi-domain size range [45]. The remanent magnetization (Mr) for the 

nanocomposite FC1 (1.65 emu/g) is higher compared to that of pure -Fe2O3 nanoparticles. 

Nanocomposite FC2 shows decrease in the remanent magnetization (0.23 emu/g) compared to 

that of pure iron oxide nanoparticles. At room temperature, the Ms values for the 

nanocomposites FC1 (4.4 emu/g) and FC2 (0.65 emu/g) are higher compared to that of pure    

-Fe2O3 nanoparticles. In general, the CdS--Fe2O3 nanocomposites show lower saturation 

magnetization values compared to that of bulk -Fe2O3 (Ms = 76 emu/g). This is attributed to 

the presence of disordered or canted spins on the surface of nanocomposites and 

superparamagnetic relaxation [46,47]. 

Fig. 5.14: Typical M-H curves for pure Fe2O3 nanoparticles and CdS--Fe2O3 nanocomposites 

(FC1 and FC2) at 300 K and 5 K. 
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5.1.3.9 Surface area Analysis 

The BET surface area values for the CdS--Fe2O3 nanocomposites FC1, FC2, FC3, FC4, FC5 

and FC6 are 29.8 m2/g, 52 m2/g, 59.8 m2/g, 30.7 m2/g, 66.1 m2/g and 65.2 m2/g, respectively. 

The CdS--Fe2O3 nanocomposite FC5 possesses higher surface area than that of pure -Fe2O3 

(51.1 m2/g), CdS nanoparticles (58.9 m2/g) and all the other nanocomposites. 

5.1.3.10 Mechanism of formation of CdS--Fe2O3 nanocomposites 

CdS--Fe2O3 nanocomposites were synthesized by a single step thermal decomposition 

method. Cadmium acetate, thiourea and iron acetylacetonate were mixed in specified ratios and 

refluxed at 200 oC in diphenyl ether. 

The formation of CdS nanoparticles follows the same reaction mechanism as discussed in the 

section on the synthesis of CdS-TiO2 nanocomposites (Chapter 4, section 4.1.3.6). -Fe2O3 

nanoparticles are formed by the thermal decomposition of iron(III) acetylacetonate along with 

by-products such as carbon monoxide, carbon dioxide, methane and water. The proposed 

reactions during the formation of CdS--Fe2O3 nanocomposites are as follows [48–50]: 

4(C5H7O2)3Fe + 17O2 → 2Fe2O3 + 30CO + 10CO2 + 20CH4 + 2H2O 

Cd(SC(NH2)2)2(CH3COO)2 + Fe2O3 → CdS − Fe2O3 + NH3 + HCNS + CH3COCH3 

                               +CH2O + CO + H2O 

5.1.4 Conclusions 

CdS--Fe2O3 nanocomposites were successfully prepared by a simple and facile thermal 

decomposition approach. The nanocomposites were characterized using different analytical 

techniques. XRD results confirm the presence of CdS nanocrystals (1.2 to 2.9 nm) in the 

nanocomposites and TEM results indicate formation of agglomerated sphere-like particles in 

the nanocomposites. Diffuse reflectance spectral studies of CdS--Fe2O3 nanocomposites 

indicate absorbance in the visible region (1.8 to 2.5 eV) and the nanocomposites show blue 

shift of band edge emission compared to pure CdS due to quantum size effect. 
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5.2 Synthesis of ZnO@-Fe2O3 Core-Shell Nanocomposites by a Thermal Decomposition 

Approach 

5.2.1 Introduction 

Nowadays, research efforts are being focused on the use of semiconductor photocatalysts for 

the degradation of toxic organic compounds discharged from different industries [51–53]. 

Among the various metal oxide semiconductor photocatalysts used for this purpose, ZnO has 

been of tremendous interest due to its high photosensitivity and wide band gap (3.2 eV) with 

major absorption in the UV range. ZnO possesses several advantages which include low cost, 

high quantum efficiency and high photocatalytic activity. There are two drawbacks associated 

with ZnO as the photocatalyst, namely, high charge recombination rate and low efficiency 

when utilized under solar light [54]. Various methods have been developed to reduce the 

recombination rate of photogenerated electrons and holes in ZnO and increase the utilization 

rate of visible light. Hybrid semiconductor nanostructures have been very promising for the 

removal of toxic organic pollutants from waste water [55]. The combination of semiconductors 

with small band gap with wide band gap semiconductors increases the probability of absorption 

of radiation in the visible range. -Fe2O3, a narrow band gap (1.9 to 2.2 eV) n-type 

semiconductor with absorption in the visible region, is a possible candidate which can act as a 

sensitizer under sunlight irradiation since it is able to transfer electrons to the conduction band 

of large band gap semiconductors such as ZnO. The enhanced photocatalytic efficiency is 

explained by fast transfer of photogenerated electrons and holes from -Fe2O3 to ZnO [56]. 

ZnO-Fe2O3 nanocomposites have been intensively investigated for a variety of applications 

such as waste water treatment, water splitting, sensors, magnetic materials, lithium ion batteries 

and solar cells [56–62]. ZnO-Fe2O3 heterostructured nanocomposites have been prepared by 

different methods (Fig. 5.15). Liu et al. have synthesized ZnO-Fe2O3 core-shell 

heterostructures using microwave irradiation followed by thermal decomposition method [56]. 

Hsu et al. have synthesized ZnO@Fe2O3 core-shell nanoparticles by a two-step hydrothermal 

and wet chemical method [57]. Guskos et al. have synthesized ZnO-Fe2O3 nanocomposites by 

a wet chemical method [59]. Reda, Maya-Treviño et al. and Hernandez et al. have synthesized 

ZnO-Fe2O3 nanocomposites by sol-gel method [61,63,64]. Yin et al. have synthesized α-Fe2O3 

decorated ZnO nanorods by acetone assisted impregnation deposition method [65].          

Mirzaie et al. have synthesized ZnO-Fe2O3 nanocomposites by a solid state reaction [66].       

Liu et al. have synthesized ZnO-Fe2O3 nanotube composites by photochemical deposition 
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under UV light [67]. Fu et al. have synthesized ZnO-γ-Fe2O3 nanocomposites by a solution 

route [68]. Si et al. have prepared ZnO-Fe2O3 core-shell nanorods by a solution phase 

hydrolysis method [69]. Balti et al. have synthesized Fe2O3 decorated ZnO nanorods by a 

polyol method [70]. Zhou et al. have synthesized Fe2O3-ZnO core-shell heterostructures by a 

solvothermal method [71]. Chu et al. have synthesized ZnO microrods coated with iron oxide 

nanoparticles by a low temperature hydrothermal method [72]. Mo et al. have synthesized 

ZnO/FeOx core-shell nanorods by thermal decomposition of Fe(acac)3 at 265 oC under nitrogen 

atmosphere [73]. Most of the methods reported so far involve multi-steps with reaction time of 

3 to 4 h and require often special conditions such as an inert atmosphere. A brief summary on 

the synthesis of ZnO--Fe2O3 nanocomposites by the above reported methods are given in 

Table 5.4. A brief discussion on some of the synthetic methods is given below.  

 

Fig. 5.15: ZnO-Fe2O3 nanocomposites with different morphologies: (a) ZnO nanorods 

decorated with γ-Fe2O3 nanoparticles [70], (b) ferric oxide deposited on ZnO nanorods [73], 

(c) -Fe2O3/ZnO nest-like hollow nanostructures [56] and (d) ZnO deposited -Fe2O3 

hexahedrons [71]. 
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Table 5.4: Different reported methods for the synthesis of ZnO-Fe2O3 nanocomposites. 

Sl. 

No. 
Method Chemicals used 

Morphology 

of the 

product 

Size Reference 

1 

Microwave 

irradiation and 

thermal 

decomposition 

Zinc acetate, 

ferric nitrate and 

thioacetamide 

ZnO 

nanoflakes 

grown on the 

surface of   

-Fe2O3 

hollow 

spheres 

1 m [56] 

2. 

Hydrothermal 

synthesis and dip 

coating 

Zinc acetate, zinc 

nitrate and ferric 

chloride 

Core-shell 

ZnO 

nanowires, 

diameter 

 = 80 nm, 

Fe2O3 shell  

= 5 nm 

[57] 

3. 
Wet chemical 

method 

Zinc nitrate and 

ferric nitrate 
Nanopowder 20 nm [59] 

4. Sol-gel 
Zinc chloride and 

iron chloride 
Nanopowder 20 nm [61] 

5. Sol-gel 

Zinc acetate 

dihydrate and iron 

acetylacetonate 

Nanopowder 23.8 nm [63] 

6. 

Hydrothermal and 

impregnation 

method 

Zinc acetate and 

ferric nitrate 

α-Fe2O3 

decorated 

ZnO nanorod 

Shell =  

300-500 nm 
[65] 
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7. 
Solid state 

reaction 

Zinc acetate and 

α-Fe2O3 

Fe2O3/ZnO 

nanorods and 

nanoflowers 

Fe2O3  

= 16 nm,  

ZnO = 16 nm 

[66] 

8. 

Hydrothermal and 

photochemical 

deposition 

Zinc chloride and 

ferric chloride 

ZnO 

nanorods 

decorated 

with Fe2O3 

ZnO 

nanorods 

diameter 

 = 500 nm, 

length = 4 m 

[67] 

9. Solution method 

Zinc nitrate, ferric 

chloride and 

ferrous chloride 

Spheres 300-400 nm [68] 

10. 

Solution phase 

controlled 

hydrolysis method 

Zinc acetate and 

ferric chloride 

Core/shell 

nanorods 

Width  

= 30-35 nm, 

length 

= 110-150 nm 

[69] 

11. Polyol method 
Zinc acetate and 

iron acetate 

ZnO 

nanorods 

decorated 

with -Fe2O3 

ZnO 

nanorods 

diameter 

 = 80 nm, 

length 

 = 200 nm, 

-Fe2O3  

= 5 nm 

[70] 
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12. 
Solvothermal 

method 

Zinc acetate and 

ferric chloride 

ZnO/α-Fe2O3 

hexahedrons 

ZnO  

= 15-20 nm 
[71] 

13. 
Hydrothermal 

synthesis 

Zinc acetate 

dihydrate and 

ferrous chloride 

tetrahydrate 

ZnO 

microrods 

decorated 

with -Fe2O3 

ZnO 

microrods 

diameter 

= 2 m, 

length = 6 m 

[72] 

14. 

Hydrothermal and 

thermal 

decomposition 

Zinc nitrate and 

iron 

acetylacetonate 

ZnO/FeOx 

core/shell 

nanorods 

ZnO 

nanorods 

diameter 

 = 150 nm, 

length  

= 5-6 m 

[73] 

Microwave irradiation and thermal decomposition [56]: Liu et al. have prepared nest-like             

-Fe2O3/ZnO double-shelled hollow structures, as shown in Scheme 5.3. Firstly, C/FeSx is 

prepared by microwave irradiation. In this method, specific amount of ferric nitrate is dissolved 

in a solvent (ethanol and water). Then, specified amount of carbon spheres (obtained by 

hydrothermal method) are added to the above solution and kept at 60 oC for 12 h. The product 

obtained is washed with water and ethanol and dried at 80 oC for 4 h. The above-obtained solid 

product and thioacetamide are refluxed in a microwave at 400 W for 30 min, which results in 

the formation of carbon/FeSx core–shell composite spheres. In the second step, specified 

amount of C/FeSx spheres and zinc acetate are dispersed in diethylene glycol and refluxed at 

170 oC for 1 h to get C/FeSx/ZnO spheres. The as prepared product is finally calcined at           

500 oC for 2 h to get -Fe2O3/ZnO nest-like double-shelled hollow nanostructures. 
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Scheme 5.3: Schematic illustration of the formation of -Fe2O3/ZnO nest-like double-shelled 

hollow nanostructures [56]. 

Sol-gel [63]: Trevino et al. have prepared ZnO-Fe2O3 nanocomposite by sol-gel method. In this 

method, specific proportions of zinc acetate and iron acetylacetonate are dissolved in water and 

isopropyl alcohol, respectively. The solutions are mixed together and concentrated NH4OH is 

added with continuous stirring. The pH of the solution is adjusted to 7 and the reaction mixture 

is kept at room temperature until a gel is formed. The gel is aged for 3 days and then dried in 

water bath at 45 oC. Finally, the product is calcined at 450 oC for 4 h. 

Polyol method [70]: Balti et al. have prepared rod-like ZnO decorated with -Fe2O3 

nanoparticles by a two-step polyol method. In this method, specific proportions of zinc acetate 

dihydrate, sodium acetate trihydrate and water are dissolved in diethylene glycol (DEG). The 

resulting mixture is heated at 245 oC for 4 h and then the mixture is cooled to room temperature 

to obtain a white homogeneous suspension. To the above suspension, a solution of iron acetate 

in DEG is injected and the mixture is heated at 245 oC for 4 h. The dark brown precipitate 

obtained is washed in ethanol and acetone and then dried in vacuum at 50 oC. 

Solvothermal method [71]: Zhou et al. have prepared ZnO/α-Fe2O3 hexahedron composites by 

a two-step solvothermal method. In the first step, specific amount of iron chloride hexahydrate 

is dissolved in a mixture of ethanol and deionized water under vigorous magnetic stirring. 

Subsequently, hexamethylenetetramine is added to the above solution. The resulting solution 

is transferred to an autoclave and maintained at 160 oC to 6 h. The product is naturally cooled 

to room temperature, washed with ethanol and water, and finally dried at 80 oC for 12 h. In the 

second step, specific amount of zinc acetate and pre-synthesized α-Fe2O3 hexahedrons are 

added in ethylene glycol with vigorous stirring for 30 min. The resulting solution is then 

transferred to an autoclave which is kept at 180 oC for 12 h. The product obtained is naturally 

cooled to room temperature, washed with ethanol and water, and finally dried at 80 oC for        

12 h. 
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Hydrothermal method [72]: Chu et al. have prepared ZnO microrods coated with Fe3O4 and 

Fe2O3 nanoparticles by a two-step hydrothermal method. In the first step, specified amount of 

zinc acetate dihydrate is mixed with aqueous hexamethylenetetramine (HMT) with magnetic 

stirring. The mixture is then transferred to the autoclave and is hydrothermally treated for 5 h 

at 90 oC. The white solid product obtained is washed with distilled water and dried under 

vacuum at 40 oC. In the second step, an aqueous solution of ferrous chloride is added in equal 

volume of ZnO suspension either containing HMT or not. Then, the mixture is transferred to 

the autoclave and kept at 90 oC for 5 h. The product obtained is washed with deionized water 

and dried under vacuum. When HMT is used in the second step of reaction, the product formed 

is ZnO/Fe3O4 nanocomposite and when HMT is not used in the reaction, the product formed is 

ZnO/Fe2O3 (Scheme 5.4). 

 

Scheme 5.4: Schematic representation of the growth mechanism of the ZnO/iron oxide 

heterostructured composites [72]. 

Hydrothermal and thermal decomposition [73]: Mo et al. have prepared ZnO/FeOx core/shell 

nanorods by a two-step method. Firstly, ZnO nanorods are prepared by hydrothermal method. 

In the second step, specific amount of ZnO nanorods and iron acetylacetonate are added in 

phenyl ether and refluxed at 265 oC under the flow of nitrogen. The dark brown precipitate 

obtained is washed with cyclohexane and ethanol. The product obtained is annealed at different 

temperatures to get ZnO/FeOx core-shell nanocomposites. 

In the present study, ZnO@γ-Fe2O3 core-shell nanocomposites have been prepared by a novel 

two-step thermal decomposition method. ZnO nanorods with diameter 40.1 ± 7 nm and length 

1.1 ± 0.1 μm were prepared by heating zinc acetate dihydrate at 300 oC for 3 h in air. Uniform 

layer of γ-Fe2O3 was deposited by the thermal decomposition of Fe(acac)3 in diphenyl ether at 

200 °C in the presence of ZnO nanorods. 
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5.2.2 Experimental Details 

Chemicals 

The chemicals used were zinc acetate dihydrate (RANKEM), iron acetylacetonate (Fe(acac)3) 

(ACROS), diphenyl ether (Aldrich) and methanol (Rankem). All the chemicals were used as 

received. 

Synthesis 

The ZnO@-Fe2O3 nanocomposites were prepared via a two-step method: The first step was 

the preparation of ZnO nanorods by solid state thermal decomposition [74]. 2.0 g of zinc acetate 

dihydrate was crushed with the help of a pestle and mortar and was heated in a muffle furnace 

at 300 oC for 3 h in air at a heating rate of 2 oC/min. Then, the synthesis of ZnO@γ-Fe2O3    

core-shell nanocomposites by the thermal decomposition of Fe(acac)3 in diphenyl ether at      

200 °C was carried out in the presence of ZnO nanorods (Scheme 5.5). Four different              

core-shell nanocomposites (ZF1, ZF2, ZF3 and ZF4) were prepared by varying the 

concentration of Fe(acac)3 (Table 5.5). The reagents were added to 10 mL of diphenyl ether 

(boiling point = 257 oC) in a round bottom flask and refluxed in air at about 200 oC for 35 min. 

The precipitates obtained were centrifuged, washed with methanol and dried overnight under 

vacuum to obtain the ZnO@γ-Fe2O3 core-shell nanocomposites. For comparison, pure -Fe2O3 

nanoparticles were also synthesized using the same method. 
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Scheme 5.5: Synthesis of ZnO@-Fe2O3 nanocomposites by thermal decomposition approach. 

Table 5.5: Designation of various ZnO@γ-Fe2O3 nanocomposites prepared using different 

molar ratios of Fe(acac)3 and ZnO. 

Sample code ZnO (mmol) Fe(acac)3 (mmol) 

Fe2O3 - 1 

ZF1 1 0.25 

ZF2 1 0.5 

ZF3 1 0.75 

ZF4 1 1 
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5.2.3 Results and Discussion 

5.2.3.1 XRD Results 

The XRD patterns of pure iron oxide nanoparticles, ZnO nanorods and ZnO@-Fe2O3          

core-shell nanocomposites (ZF1, ZF2, ZF3 and ZF4) are shown in Fig 5.16. The XRD patterns 

of pure ZnO and all the nanocomposites show peaks at 31.7°, 34.2°, 36.1°, 47.6°, 56.5°, 62.7°, 

66.3°, 67.7°, 72.5°, 76.9° and 81.50° corresponding to (100), (002), (101), (102), (110), (103), 

(200), (112), (201), (004), (202), (104) planes of wurtzite ZnO (JCPDS no. 80-0075). In the 

XRD patterns of the nanocomposites as well as that of pure iron oxide nanoparticles, reflections 

due to iron oxide are not observed. This is attributed to the presence of very small nanocrystals 

of iron oxide that are not detectable by X-ray diffraction. The proof for the presence of -Fe2O3 

comes from SAED, and magnetic measurements (discussed latter). The mean crystallite size 

of pure ZnO and ZnO in the core-shell nanocomposites was estimated using the Scherrer 

equation [69]. The crystallite size of pure ZnO is 9.8 nm and the crystallite size of ZnO in the 

nanocomposites varies from 20.6 nm to 27.7 nm. 
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Fig. 5.16: XRD patterns of ZnO, -Fe2O3 and the ZnO@-Fe2O3 core-shell nanocomposites 

(ZF1-ZF4). 
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To identify the phase of iron oxide nanoparticles prepared by the thermal decomposition 

method, Fe3O4 nanoparticles were prepared for comparison using a reported method [75]. Fe2+ 

and Fe3+ salts (ferrous sulfate and ferric nitrate) were mixed in distilled water in appropriate 

proportions and co-precipitated with the help of aqueous ammonia at 70 oC. The XRD patterns 

of as prepared iron oxide prepared by the thermal decomposition method and the Fe3O4 

nanoparticles are shown in Fig.5.17. The XRD pattern of as prepared iron oxide shows a single 

peak at 35.6° attributed to (311) reflection of -Fe2O3 (JCPDS No. 39-1346). The XRD pattern 

of Fe3O4 nanoparticles show peaks at 35.5°, 63.1° and 84.6° corresponding to (311), (440) and 

(642) planes of Fe3O4 (JCPDS no. 85-1436). It is difficult to distinguish -Fe2O3 and Fe3O4 

from the XRD patterns. The as prepared iron oxide nanoparticles and Fe3O4 nanoparticles were 

calcined at 400 oC. The XRD pattern of as prepared iron oxide calcined at 400 oC shows peaks 

at 33.1°, 35.4°, 40.7°, 43.3°,  49.5°, 54.1°, 62.4° and 64.1° corresponding to (121), (110), (120), 

(020), (220), (132), (130) and (211) planes of -Fe2O3 (JCPDS No. 85-0987). The XRD pattern 

of Fe3O4 nanoparticles calcined at 400 oC show peaks at 35.6° and 63.8° corresponding to (311) 

and (440) planes of -Fe2O3 (Fig. 5.17); when -Fe2O3 is heated at 400 oC in air, it transforms 

to -Fe2O3 and when Fe3O4 is heated at 400 oC in air it transforms to -Fe2O3 [75–77]. Based 

on the XRD results after calcination, the as prepared iron oxide nanoparticles are proposed to 

be -Fe2O3 which on calcination transforms to -Fe2O3. 
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Fig. 5.17: XRD patterns of as prepared iron oxide and after calcination at 400 oC. The XRD 

patterns of as prepared Fe3O4 nanoparticles and after calcination at 400 oC are also shown. 
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5.2.3.2 FT-IR Results 

The IR spectra of pure ZnO nanorods, -Fe2O3 nanoparticles (prepared by thermal 

decomposition method) and ZnO@-Fe2O3 core-shell nanocomposites were recorded            

(Fig. 5.18). Two broad bands at 3434 cm-1 and 1600 cm-1 are attributed to O–H stretching and 

bending, respectively due to adsorbed water molecules. The IR bands near 2920 cm-1 and    

2840 cm-1 are due to C–H stretching and are attributed to the presence of organic molecules 

adsorbed on the surface of the ZnO@-Fe2O3 core-shell nanocomposites [64]. The band at 

1432 cm-1 is attributed to the stretching vibration of the COO– group [37]. The band at             

1096 cm-1
 is due to C–O–C bond [36]. These bands suggest the presence of organic content 

adsorbed on the surface of the nanocomposites [36,37]. The bands at 553 cm-1 and 453 cm-1 

are attributed to characteristic absorption of γ-Fe2O3 and the band at 444 cm-1 is attributed to 

ZnO [78,79]. 
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Fig. 5.18: FT-IR spectra for pure ZnO, -Fe2O3 (prepared by thermal decomposition method) 

and the ZnO@-Fe2O3 core-shell nanocomposites (ZF1-ZF4). 
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Fig. 5.19 shows the FT-IR spectra for as prepared iron oxide nanoparticles prepared by thermal 

decomposition, as prepared iron oxide nanoparticles calcined at 400 oC and as prepared Fe3O4 

nanoparticles. The as prepared Fe2O3 nanoparticles show IR bands at 453 cm-1 and 553 cm-1 

attributed to Fe-O bond of -Fe2O3 [78,80]. The iron oxide nanoparticles (prepared by thermal 

decomposition method) calcined at 400 oC show IR bands at 480 cm-1 and 549 cm-1 which are 

attributed to Fe-O bond of -Fe2O3 [20,44,81]. Fe3O4 nanoparticles show characteristic IR 

bands at 426 cm-1 and 580 cm-1 [82,83]. The IR spectra of as prepared iron oxide nanoparticles 

and iron oxide nanoparticles calcined at 400 oC show IR bands at 1390 cm-1 and 1031 cm-1 

attributed to the stretching vibration of COO– and C–O–C, respectively [36,37]. These bands 

are due to the presence of organic molecules adsorbed on the surface of iron oxide 

nanoparticles. 
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Fig. 5.19: FT-IR spectra of iron oxide nanoparticles prepared by thermal decomposition 

method (as prepared and after calcination at 400 oC). The IR spectrum for Fe3O4 nanoparticles 

is also shown. 
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5.2.3.3 FE-SEM and EDXA Results 

FE-SEM and TEM measurements were performed to investigate the morphology and size of 

ZnO, γ-Fe2O3 and the ZnO@γ-Fe2O3 core-shell nanocomposites. Fig. 5.20 shows the FE-SEM 

images of pure ZnO, γ-Fe2O3 nanoparticles and the ZnO@γ-Fe2O3 core-shell nanocomposites 

(ZF1-ZF4). Pure ZnO exhibits nanorods and γ-Fe2O3 shows small agglomerated nanoparticles. 

After the deposition of -Fe2O3, the shape of ZnO is retained but the surface of ZnO nanorods 

is not smooth. Nanocomposites ZF1 and ZF2 show uniform shell formation of γ-Fe2O3 over 

the ZnO nanorods. Nanocomposites ZF3 and ZF4 show non-uniform shell formation of               

γ-Fe2O3 over the ZnO nanorods. Aggregation of γ-Fe2O3 nanoparticles increases as one 

increases the amount of Fe(acac)3 used during the synthesis of the core-shell nanocomposites 

(ZF1 to ZF4). 
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Fig. 5.20: FE-SEM images of ZnO nanorods, -Fe2O3 nanoparticles and the ZnO@-Fe2O3 

core-shell nanocomposites (ZF1, ZF2, ZF3 and ZF4). 

Fig. 5.21 shows the EDXA patterns of ZnO@-Fe2O3 nanocomposites ZF1, ZF2, ZF3 and ZF4. 

The EDX analysis shows the presence of oxygen, iron and zinc in all the ZnO@-Fe2O3 

nanocomposites. 
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Fig. 5.21: EDXA patterns of ZnO@-Fe2O3 core-shell nanocomposites (ZF1-ZF4). 

 Table 5.6 shows the EDX analysis results on the ZnO@γ-Fe2O3 core-shell nanocomposites. 

The nanocomposites ZF1, ZF2 and ZF4 show uniform elemental distribution as compared to 

nanocomposite ZF3. 

Table 5.6: EDX analysis data for the ZnO@-Fe2O3 core-shell nanocomposites. The analysis 

was done at three different spots. 

Nanocomposite Zn Fe O Comment 

ZF1 

Wt% At% Wt% At% Wt% At% 

Uniform 

70.3 40.2 2.6 2.7 20.8 56.1 

71.2 40.8 2.5 2.6 20.5 50.5 

70.8 40.4 2.2 2.9 21.1 58.7 

ZF2 

71.9 41.2 3.8 3.6 23.2 54.8 

Uniform 71.4 41.9 3.4 3.9 23.3 55.1 

71.8 40.8 3.5 3.7 23.6 55.5 

ZF1 ZF2 

ZF3 ZF4 
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ZF3 

78.4 55.1 3.9 3.9 14.6 40.9 

Non-uniform 80.8 56.3 5.0 3.9 16.2 43.8 

81.6 57.1 4.7 3.9 13.6 38.9 

ZF4 

78.8 51.5 4.3 3.3 16.9 45.2 

Uniform 78.8 50.2 4.8 3.1 18.3 47.6 

79.7 52.3 4.5 2.9 16.8 45.0 

 5.2.3.4 TEM and SAED Results 

Fig. 5.22 shows the TEM images and high resolution TEM images (HRTEM) images of ZnO 

and γ-Fe2O3 nanoparticles. ZnO nanorods (Fig. 5.22(a)) are 1.1 ± 0.1 μm in length and                

40.1 ± 7 nm in width. The SAED pattern of ZnO (inset of Fig. 5.22(a)) shows spots attributed 

to (101), (103), (202), (004) and (002) planes of wurtzite ZnO (JCPDS no. 80-0075).                

Fig. 5.22(b) shows well dispersed Fe2O3 nanoparticles (2.1 ± 0.3 nm) and the SAED pattern 

(Inset of Fig. 5.22(b)) shows rings attributed to (311), (421) and (440) planes of -Fe2O3 

(JCPDS no. 39-1346). The HRTEM images of pure ZnO nanorod (Fig. 5. 22(c)) and pure            

γ-Fe2O3 nanoparticles (Fig. 5.22(d)) exhibit interplanar spacing of 0.24 nm and 0.48 nm which 

are attributed to (101) plane of ZnO and (111) plane of γ-Fe2O3, respectively. 
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Fig. 5.22: TEM images of (a) ZnO nanorods, (b) -Fe2O3 nanoparticles, (c) HRTEM image of 

ZnO nanorods and (d) HRTEM image of -Fe2O3 nanoparticles. 

The TEM and HRTEM images of ZnO@γ-Fe2O3 core-shell nanocomposites ZF1 and ZF2 are 

shown in Fig. 5.23. The core-shell nanocomposites ZF1 (Fig. 5.23(a)) and ZF2 (Fig. 5.23(c)) 

show formation of uniform shell of -Fe2O3 on the surface of ZnO nanorods. The inset of        

Fig. 5.23(a) shows the TEM image of single nanorod of core-shell nanocomposite ZF1 coated 

uniformly with a shell of γ-Fe2O3 (∼15 nm). The HRTEM image of nanocomposite ZF1       

(Fig. 5.23(b)) shows interplanar spacing values of 0.24 nm and 0.48 nm for the core and shell 

regions corresponding to ZnO (101) and -Fe2O3 (111) planes, respectively. This indicates that 

the γ-Fe2O3 shell with (111) plane is deposited on crystalline ZnO nanorod core with (101) 

plane. The inset of Fig. 5.23(c) shows the TEM image of single nanorod of core-shell 

nanocomposite ZF2 coated uniformly with a shell of γ-Fe2O3 (∼20 nm). The HRTEM image 

of core-shell nanocomposite ZF2 (Fig. 5.23(d)) exhibits 0.24 nm interplanar spacing attributed 

to (101) plane of ZnO. 

(a) (b) 

(c) (d) 
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Fig. 5.23: TEM and HRTEM images of ZnO@-Fe2O3 core-shell nanocomposites ZF1 (a) and 

(b), and ZF2 (c) and (d). 

Fig. 5.24 shows the TEM and HRTEM images of ZnO@γ-Fe2O3 core-shell nanocomposites 

ZF3 and ZF4. The core-shell nanocomposites ZF3 (Fig. 5.24(a)) and ZF4 (Fig. 5.24(c)) show 

formation of -Fe2O3 shell on the ZnO nanorods. The insets of Fig. 5.24(a) and 5.24(c) show 

the TEM images of single nanorods of core-shell nanocomposites ZF3 and ZF4 coated with a 

γ-Fe2O3 shell of thickness 10 and 15 nm, respectively. The HRTEM image of core-shell 

nanocomposite ZF3 (Fig. 5.24(c)) exhibits 0.24 nm interplanar spacing attributed to (101) plane 

of ZnO and the HRTEM image of core-shell nanocomposite ZF4 (Fig. 5.24(d)) exhibits 

interplanar spacing values of 0.24 nm and 0.48 nm for the core and shell regions corresponding 

to ZnO (101) and -Fe2O3 (111) planes, respectively. This indicates that the γ-Fe2O3 shell with 

(111) plane is deposited on crystalline ZnO nanorod core with (101) plane. 

(a) (b) 

(c) (d) 



Synthesis and Characterization of Metal Oxide/Metal sulfide Nanocomposites 

 

230 
 

 

Fig. 5.24: TEM and HRTEM images of ZnO@-Fe2O3 core-shell nanocomposites; ZF3 (a) 

and (b), and ZF4 (c) and (d). 

The SAED patterns of core-shell nanocomposites ZF1, ZF2, ZF3 and ZF4 are shown in           

Fig. 5.25. The SAED pattern of nanocomposite ZF1 (Fig. 5.25(a)) shows spots which are 

attributed to (101), (102), (200), (002), (004) planes of hexagonal ZnO and rings due to (311), 

(440) and (310) planes of γ-Fe2O3. The SAED pattern of nanocomposite ZF2 (Fig. 5.25(b)) 

shows spots which are attributed to (101), (102), (103), (002), (004), (104) planes of hexagonal 

ZnO and rings due to (311), (440), (310) planes of γ-Fe2O3. The SAED pattern of 

nanocomposite ZF3 (Fig. 5.25(c)) shows spots which are attributed to (101), (102), (103), 

(002), (004) planes of hexagonal ZnO and rings due to (311) and (440) planes of γ-Fe2O3. The 

SAED pattern of nanocomposite ZF4 (Fig. 5.25(d)) shows spots which are attributed to (101), 

(110), (103), (201), (202) planes of hexagonal ZnO and rings due to (311), (440), (321) planes 

of γ-Fe2O3. 

(a) (b) 

(c) (d) 
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Fig. 5.25: SAED patterns of ZnO@-Fe2O3 core-shell nanocomposites (ZF1-ZF4). 

5.2.3.5 DRS Results 

Diffuse reflectance spectra of pure ZnO nanorods, -Fe2O3 nanoparticles and the               

ZnO@-Fe2O3 core-shell nanocomposites (ZF1, ZF2, ZF3 and ZF4) are shown in Fig. 5.26. 

ZnO shows absorption in the UV region at around 385 nm. Pure -Fe2O3 nanoparticles show 

absorption at around 653 nm. The ZnO@-Fe2O3 core-shell nanocomposites reveal an 

extended optical absorption in the visible region. One can observe two absorption bands in the 

diffuse reflectance spectra of ZnO@-Fe2O3 core-shell nanocomposites. The first one is 

observed at low energy in the visible region (between 550 and 655 nm) which is due to the 

absorption of -Fe2O3. The second absorption band (at about 380 nm) is attributed to the 

absorption of ZnO. 
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Fig. 5.26: Diffuse reflectance spectra of ZnO nanorods, -Fe2O3 nanoparticles and the        

ZnO@-Fe2O3 core-shell nanocomposites (ZF1-ZF4). 

The absorption of ZnO@γ-Fe2O3 core–shell nanocomposites in the visible region increases 

with an increase in the concentration of precursor for -Fe2O3 (i.e. Fe(acac)3) used during the 

synthesis of the nanocomposites. The band gap of ZnO nanorods, -Fe2O3 nanoparticles and 

ZnO@-Fe2O3 core-shell nanocomposites was estimated by plotting (h)2 vs. h (Tauc plots) 

using the relation [9]: 

𝛼ℎ𝜈 = 𝐴(ℎ𝜈 − 𝐸𝑔)
1/2

 

Where  is the absorption coefficient, h is the photon energy, Eg the optical band gap energy 

and A is a constant. From the Tauc plots (Fig. 5.27), Eg was estimated by extrapolating a 

straight line from the linear portion of the absorption curve to the X-axis. The band gap of pure 

ZnO nanorods and pure -Fe2O3 nanoparticles are 3.2 eV and 1.9 eV, respectively. Band gap 

values of 2.24 eV, 2.2 eV, 2.18 eV and 1.9 eV due to -Fe2O3 were observed for ZnO@-Fe2O3 

core-shell nanocomposites ZF1, ZF2, ZF3 and ZF4, respectively. The insets of Tauc plots in 

Fig. 5.27 of ZnO@-Fe2O3 core-shell nanocomposites (ZF1, ZF2, ZF3 and ZF4) show band 
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gap value of 3.3 eV due to ZnO. The band gap of -Fe2O3 in the core-shell nanocomposites 

shows red shift from ZF1 to ZF4. This red shift is attributed to an increase in particle size of  

-Fe2O3 with an increase in the precursor concentration of -Fe2O3 (i.e. Fe(acac)3) used during 

the synthesis of the ZnO@-Fe2O3 nanocomposites [64,65]. 

Fig. 5.27: Tauc plots ((h)2 vs. h) for ZnO nanorods, Fe2O3 nanoparticles and the           

ZnO@-Fe2O3 core-shell nanocomposites (ZF1, ZF2, ZF3 and ZF4). 
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5.2.3.6 UV-Visible Spectroscopy Studies 

The UV-Visible absorption spectra of pure ZnO nanorods, iron oxide nanoparticles                      

(as prepared by the thermal decomposition method, calcined at 400 oC and Fe3O4) and the 

ZnO@-Fe2O3 core-shell nanocomposite ZF1 are shown in Fig. 5.28. The spectra were 

recorded using the dispersions in ethanol. The absorption spectrum of ZnO shows band edge 

absorption at about 376 nm (3.3 eV) which is blue shifted from that of bulk ZnO (3.2 eV) due 

to quantum confinement [64]. The as prepared iron oxide nanoparticles (prepared by the 

thermal decomposition method) show absorption in the visible region (400-800 nm) with a 

broad band at about 440 nm which corresponds to that of γ-Fe2O3 nanoparticles [84]. The 

absorption spectrum of iron oxide nanoparticles calcined at 400 oC shows absorption at about 

575 nm characteristic of -Fe2O3 [44,81]. Fe3O4 nanoparticles show band edge absorption at 

about 503 nm [84]. The absorption spectrum of ZnO@-Fe2O3 core-shell nanocomposite ZF1 

shows a small shoulder at about 565 nm and a band edge absorption at about 376 nm (3.3 eV) 

attributed to -Fe2O3 and ZnO, respectively [46,61,64]. The absorption studies suggest that the 

phase of as prepared iron oxide nanoparticles, prepared by the thermal decomposition method, 

as -Fe2O3. 
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Fig. 5.28: UV-visible absorption spectra of iron oxide nanoparticles (as prepared using the 

thermal decomposition method, after calcination at 400 oC and Fe3O4) and ZnO@-Fe2O3  

core-shell nanocomposite ZF1. 

5.2.3.7 Photoluminescence Spectroscopy Studies 

Fig. 5.29 shows the photoluminescence spectra of pure ZnO nanorods, -Fe2O3 nanoparticles 

(prepared by the thermal decomposition method) and the ZnO@-Fe2O3 core-shell 

nanocomposites (ZF1, ZF2, ZF3 and ZF4). The PL spectra of pure ZnO and ZnO@-Fe2O3 

core-shell nanocomposites show emission bands around 382 nm and 469 nm. The emission 

band at about 382 nm is due to band-edge emission of ZnO resulting from the recombination 

of free excitons. The broad green emission centered at 469 nm, observed in ZnO nanorods,       

-Fe2O3 nanoparticles and all the core-shell nanocomposites (ZF1, ZF2, ZF3 and ZF4) is 

attributed to the presence of oxygen vacancies and defects [56]. In the ZnO@-Fe2O3            

core-shell nanocomposites, the defect emission at 469 nm is enhanced as compared to pure 

ZnO nanorods and -Fe2O3 nanoparticles. A possible reason is the reduction in the number of 

hydroxyls groups on the surface of ZnO nanorods due to the formation of -Fe2O3 shell. 

Depletion of hydroxyls groups is known to lead to increase of oxygen vacancies and surface 
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defects on the surface of ZnO nanorods [72]. The oxygen vacancies/defects are very good 

electron scavengers and thus would improve the photocatalytic activity [66]. The defect 

emission decreases in the core-shell nanocomposites from ZF1 to ZF4 with an increase in the 

concentration of Fe(acac)3 used during the preparation of the core-shell nanocomposites. The 

presence of more and more -Fe2O3 nanoparticles on the surface of ZnO nanorods due to 

increase in the concentration of Fe(acac)3 decreases the surface defects and oxygen vacancies 

on the surface of ZnO nanorods [85]. 
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Fig. 5.29: Photoluminescence spectra for ZnO nanorods, -Fe2O3 nanoparticles (prepared by 

the thermal decomposition method) and the ZnO@-Fe2O3 core-shell nanocomposites (ZF1, 

ZF2, ZF3 and ZF4). 

5.2.3.8 Magnetic Measurements 

Magnetic measurements were carried out for pure -Fe2O3 nanoparticles prepared by the 

thermal decomposition method and the ZnO@-Fe2O3 core-shell nanocomposites which 

exhibit uniform elemental distribution (ZF1, ZF2 and ZF4). The magnetization versus magnetic 

field (M-H) plots for pure -Fe2O3 nanoparticles and the core-shell nanocomposites (ZF1, ZF2 
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and ZF4) are shown in Fig. 5.30. All the samples exhibit superparamagnetic behaviour at        

300 K. At 5 K, however, the samples exhibit weak ferromagnetic behavior with a small 

coercivity (Hc) and remanent magnetization (Mr). For a superparamagnetic system, the 

coercivity and remanent magnetization in general increases below the superparamagnetic-

ferromagnetic transition temperature [46,86]. The observed magnetic behavior and the 

magnetic parameters for pure -Fe2O3 nanoparticles and the ZnO@-Fe2O3 core–shell 

nanocomposites are summarized in Table 5.7. The coercivity of pure -Fe2O3 nanoparticles 

(0.05 T), and the core-shell nanocomposites ZF1 (0.05 T) and ZF2 (0.055 T) are almost the 

same. The coercivity of core-shell nanocomposite ZF4 (0.045 T) is less than that of pure             

-Fe2O3, ZF1 and ZF2. This is attributed to an increase in the particle size of iron oxide 

nanoparticles in the nanocomposite ZF4 [45]. Remanent magnetization is lower in all the    

core-shell nanocomposites as compared to pure -Fe2O3 nanoparticles (2.7 emu/g). This is due 

to the presence of diamagnetic ZnO nanorods, which decreases the effective mass of iron oxide 

[37,87]. Remanent magnetization values for the nanocomposites ZF1 (1:0.25), ZF2 (1:0.5) and 

ZF4 (1:1) are 0.33 emu/g, 0.88 emu/g and 0.66 emu/g, respectively. The unexpectedly high 

remanent magnetization in case of nanocomposite ZF2 is attributed to the formation of the 

thickest shell of iron oxide (∼20 nm) over ZnO nanorods as compared to the other 

nanocomposites (ZF1 and ZF4) [88]. At 300 K, the saturation magnetization values of the    

core-shell nanocomposites are less than the saturation magnetization of -Fe2O3 nanoparticles 

and bulk maghemite (76 emu/g). The decrease of Ms in the core–shell nanocomposites is 

attributed to the presence of diamagnetic ZnO, surface spin disorder and canting [86,87]. The 

saturation magnetization increases with an increase in the iron content of the nanocomposites 

ZF1 to ZF4 (Table 5.7). Also, there is an increase in the particle size of -Fe2O3 nanoparticles 

in the core-shell nanocomposites with an increase in the concentration of precursor for iron 

oxide (Fe(acac)3) used during the synthesis [48]. Fig. 5.30 reveals that the magnetization at        

5 K does not saturate for pure -Fe2O3 nanoparticles and also the core-shell nanocomposites at 

3 Tesla. This is attributed to frozen spins on the surface as has been recently reported for 

maghemite nanoparticles [70,89]. 
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Fig. 5.30: M-H curves of pure -Fe2O3 nanoparticles prepared by the thermal decomposition 

method and the ZnO@-Fe2O3 core-shell nanocomposites ZF1, ZF2 and ZF4. 

The zero-field-cooled (ZFC) and field-cooled (FC) magnetization curves for pure -Fe2O3 

nanoparticles and for the ZnO@-Fe2O3 core–shell nanocomposites (ZF1, ZF2 and ZF4) under 

an applied field of 0.05 Tesla are shown in Fig. 5.31. Pure -Fe2O3 nanoparticles and all the 

core-shell nanocomposites (ZF1, ZF2 and ZF4) show broad maxima in the ZFC curve         

(Table 5.7). This temperature called as the blocking temperature (TB), corresponds to the 

superparamagnetic transition of iron oxide nanoparticles. 
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Table 5.7: Magnetic parameters for pure iron oxide nanoparticles and the ZnO@-Fe2O3   

core–shell nanocomposites. 

Sample 

Hc (T) Mr (emu/g) Ms (emu/g) 

TB 

(K) 

TM  

(K) 

Particle 

size of 

-Fe2O3 

from TB 

(nm) 

5 K 300 K 5 K 300 K 5 K 300 K 

-Fe2O3 0.05 - 2.7 - - 7.8 43 266 18.2 

ZF1 0.05 - 0.38 - - 1.0 30 265 16.2 

ZF2 0.055 - 0.88 - - 1.8 45 266 18.5 

ZF4 0.045 - 0.66 - - 2.1 55 260 19.8 

At temperatures higher than the TB, the magnetization decreases and follows a Curie-Weiss 

law [90]. The observed blocking temperature for pure -Fe2O3 nanoparticles is 43 K and for 

the core-shell nanocomposites ZF1, ZF2 and ZF4, the TB values are 30 K, 45 K and 55 K, 

respectively. The increase in the blocking temperature in the nanocomposites ZF2 and ZF4 

compared to ZF1 is attributed to increase in dipolar interaction due to increase in the particle 

volume [91]. The -Fe2O3 nanoparticles and all the core-shell nanocomposites (ZF1, ZF2 and 

ZF4) show broad maxima in the ZFC curves indicating broad particle size distribution of iron 

oxide nanoparticles [48]. The particle volume (V) can be calculated from TB using the 

following equation [92]. 

𝑇𝐵 = 
𝐾𝑒𝑓𝑓𝑉

25𝑘𝐵
 

Where Keff is the effective anisotropy constant (for bulk maghemite, Keff = 4.7 × 104 erg cm−3) 

and kB is the Boltzmann constant. The average particle size of -Fe2O3 calculated from the 

blocking temperature of pure -Fe2O3 nanoparticles and the core-shell nanocomposites ZF1, 

ZF2, ZF4 are 18.2 nm, 16.2 nm, 18.5 nm and 19.8 nm, respectively. The ZFC curves of pure 

Fe2O3 and nanocomposites ZF1, ZF2 and ZF4 show Morin transition at about 266 K, 265 K, 

266 K and 260 K, respectively. The observation of Morin transition is attributed to the presence 

of a small amount of -Fe2O3 nanoparticles due to the structural transformation of -Fe2O3 into 

-Fe2O3 nanoparticles [93]. In -Fe2O3, Morin transition is a phase transition in which a 

weakly ferromagnetic state converts to an antiferromagnetic state [94]. 
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Fig. 5.31: ZFC and FC curves of pure -Fe2O3 nanoparticles prepared by the thermal 

decomposition method and ZnO@-Fe2O3 core-shell nanocomposites ZF1, ZF2 and ZF4. 

Fig. 5.32 shows M-H curves for iron oxide nanoparticles prepared by the thermal 

decomposition method and calcined at 400 oC (i.e. -Fe2O3) and ZnO@-Fe2O3 core-shell 

nanocomposite ZF1 calcined at 400 oC, and Fe3O4 nanoparticles. The observed magnetic 

parameters such as coercivity (Hc), remanent magnetization (Mr) and saturation magnetization 

(Ms) have been summarized in Table 5.8. Pure iron oxide nanoparticles calcined at 400 oC 

show weak ferromagnetic behaviour at both 300 K and 5 K with Hc values of 0.016 and           

0.65 T, respectively. The magnetization does not completely saturate at both the temperatures 

at a maximum field of 3 Tesla. The magnetic behaviour of iron oxide nanoparticles calcined at 

400 oC is similar to that reported for -Fe2O3 nanoparticles [44,76,95]. The core-shell 

nanocomposite ZF1 (after calcination at 400 oC) shows superparamagnetic behaviour at room 

temperature. At 5 K, the nanocomposite ZF1 (after calcination at 400 oC) shows weak 

ferromagnetic behaviour with a Hc value of 0.1 T. The M-H curve of Fe3O4 nanoparticles shows 

superparamagnetic behaviour at room temperature and weak ferromagnetic behaviour at 5 K 

with Hc and Mr values of 0.48 T and 21.4 emu/g, respectively. The saturation magnetization at 

300 K and 5 K are 73 emu/g and 89 emu/g, respectively. 
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Table 5.8: Magnetic parameters of iron oxide nanoparticles prepared by the thermal 

decomposition method, after calcination at 400 oC, Fe3O4 nanoparticles and ZnO@-Fe2O3 

core-shell nanocomposite ZF1 (calcined at 400 oC). 

Sample 

Hc (T) Mr (emu/g) 

TB 

(K) 

TM 

(K) 

Ms at 

(emu/g) 

Particle 

size 

(estimate

d from 

TB) 

5 K 300 K 5 K 300 K 300 K 5 K 

As prepared 

iron oxide 

nanoparticles 

(thermal 

decomposition 

method) 

0.05 - 2.7 - 43 266 7.8 - 18.2 nm 

After 

calcination at 

400 oC 

0.65 0.016 4.9 0.95 200 - - - 19.5 nm 

ZnO@-Fe2O3 

nanocomposite 

ZF1 (400 oC) 

0.1 - 0.8 - 52.5 262 - - 30.4 nm 

Fe3O4 

nanoparticles 
0.48 - 21.4 - 39 - 73 89 17.6 nm 
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Fig.5.32: M-H curves of (a) iron oxide nanoparticles prepared by the thermal decomposition 

method and calcined at 400 oC, (b) ZnO@-Fe2O3 core-shell nanocomposite ZF1 calcined at 

400 oC and (c) Fe3O4 nanoparticles. 

The ZFC/FC curves of iron oxide nanoparticles prepared by thermal decomposition method 

followed by calcination at 400 oC, ZnO@-Fe2O3 core-shell nanocomposite ZF1 calcined at 

400 oC, and Fe3O4 nanoparticles are shown in Fig. 5.33. The ZFC curve for iron oxide 

nanoparticles calcined at 400 oC (Fig. 5.33(a)) shows a broad maximum around 200 K, 

corresponding to the blocking temperature. The FC curve departs from the ZFC curve at Tirr 

(blocking temperature of the largest particle) and remains constant with decrease in 

temperature and this is due to strong inter-particle interactions [96]. The ZFC curve for the 

ZnO@-Fe2O3 core-shell nanocomposite ZF1 (Fig. 5.33(b)) calcined at 400 oC shows sharper 

peak at 52.5 K indicating the superparamagnetic blocking transition. Also, the ZFC curve 

shows a small hump at 262 K due to Morin transition confirming the formation of -Fe2O3. 

Pure iron oxide nanoparticles prepared by the thermal decomposition method and after 

calcination at 400 oC do not show Morin transition. According to Zysler et al. [97], when iron 

oxide is prepared in the form of small particles, the Morin transition is a more complicated 
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phenomenon due to the presence of strain and defects. The Morin transition temperature 

reduces as the particle size decreases and vanishes for iron oxide particles smaller than                

8-20 nm [98]. In the present case, the size of -Fe2O3 nanoparticles is 19.5 nm. The particle 

size values of iron oxide nanoparticles prepared by the thermal decomposition method and 

calcined at 400 oC and ZnO@-Fe2O3 core-shell nanocomposite ZF1 calcined at 400 oC 

estimated from their blocking temperature, are 19.5 nm and 30.4 nm, respectively. The ZFC 

curve for Fe3O4 nanoparticles (Fig. 5.33(c)) shows a broad maximum around 39 K and this is 

the superparamagnetic blocking temperature. The FC curve is more or less constant after the 

blocking temperature due to strong inter-particle interactions [99]. The particle size of Fe3O4 

nanoparticles, calculated from the blocking temperature, is 17.6 nm. In general, the saturation 

magnetization at room temperature reported for -Fe2O3 nanoparticles is between 1.3 emu/g 

and 69.6 emu/g [70,72,78,85,87] and for Fe3O4 nanoparticles the Ms value is between 20 emu/g 

and 84 emu/g [72,100,101]. The coercivity at 5 K reported for -Fe2O3 nanoparticles is between 

0.005T and 0.413 T [97,102] and for Fe3O4 nanoparticles the value is between 0.01 T and   

0.058 T [83,103]. The remanent magnetization values at 5 K reported for -Fe2O3 nanoparticles 

are between 0.62 emu/g and 16.7 emu/g [33,104] and for Fe3O4 nanoparticles the values are 

between 13 emu/g and 18.8 emu/g [76,104]. From the above results, one can conclude that 

there is difference in the magnetic properties of -Fe2O3 and Fe3O4 nanoparticles. In spite of 

having nearly same particle size for as prepared iron oxide nanoparticles prepared by the 

thermal decomposition method (18.2 nm) and Fe3O4 nanoparticles (17.6 nm), there is 

difference in their magnetic behaviour. For the as prepared iron oxide nanoparticles, the 

coercivity (Hc = 0.05 T) and remanent value (Mr = 2.7 emu/g) at 5 K and saturation 

magnetization (Ms = 7.8 emu/g) at room temperature are less than that of Fe3O4 nanoparticles 

(Hc = 0.48 T, Mr = 21.4 emu/g and Ms = 73 emu/g). This suggests that the phase of as prepared 

iron oxide nanoparticles prepared by the thermal decomposition method as -Fe2O3. 
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Fig. 5.33: ZFC/FC curves for (a) pure iron oxide nanoparticles prepared by the thermal 

decomposition method and calcined at 400 oC, (b) ZnO@-Fe2O3 core-shell nanocomposite 

ZF1 calcined at 400 oC and (c) Fe3O4 nanoparticles. 

5.2.3.9 Surface Area Measurements 

The BET surface area values for the ZnO@-Fe2O3 core-shell nanocomposites ZF1, ZF2, ZF3 

and ZF4 are 62.1 m2/g, 53.3 m2/g, 50.3 m2/g and 38.2 m2/g, respectively. The surface area of 

ZF1 core-shell nanocomposite is higher than that of pure ZnO (24.4 m2/g), as prepared Fe2O3 

(51.1 m2/g) and all the other nanocomposites. 

5.2.3.10 Mechanism for the formation ZnO@-Fe2O3 core-shell nanocomposites 

Zinc oxide nanorods possess hydroxyl groups on their surface [74]. During the formation of 

the ZnO@-Fe2O3 core-shell nanocomposites, iron(III) acetylacetonate interacts with the 

surface of ZnO via hydrogen bonding between the -system of acetyl acetone ligand and 

protons of the hydroxyl groups present on the surface of ZnO (Scheme 5.6). 
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Scheme 5.6: Attachment of iron(III) acetylacetonate (Fe(acac)3) on the surface of ZnO 

nanorods and its further decomposition to yield iron oxide nanoparticles. 

Iron(III) acetylacetonate decomposes in air, at about 200◦C, to produce iron oxide nanoparticles 

(maghemite) with by-products [43]. 

4(C5H7O2)3Fe +  17O2  
∼ 200 °C 
→      2 γ‒ Fe2O3 + 30CO + 10CO2 + 20CH4 + 2H2O 

Since the thermal decomposition is carried out at 200 oC in diphenyl ether in the presence of 

ZnO nanorods, ZnO@-Fe2O3 core-shell nanocomposites are produced. 

5.2.4 Conclusions 

ZnO@-Fe2O3 core-shell nanocomposites were synthesized by a novel two-step thermal 

decomposition approach. The nanocomposites were characterized with the help of X-ray 

diffraction, FT-IR spectroscopy, scanning electron microscopy, transmission electron 

microscopy, diffuse reflectance UV–visible spectroscopy, photoluminescence spectroscopy, 

vibrating sample magnetometry and surface area measurements. XRD results confirm the 

presence of hexagonal wurtzite ZnO and XRD studies on as prepared and calcined samples 

suggest the phase of as prepared iron oxide nanoparticles as -Fe2O3. FT-IR results on as 

prepared iron oxide and ZnO@-Fe2O3 core-shell nanocomposites show characteristic IR 

bands due to -Fe2O3 and FE-SEM images show uniform shell formation of iron oxide on the 

ZnO nanorods. Transmission electron microscopy studies show that ZnO exhibits rod like 

morphology with ∼40 nm diameter and length 1.1 μm. The ZnO@-Fe2O3 core-shell 

nanocomposites show uniform shell due to -Fe2O3 nanoparticles coated on the ZnO nanorods 
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and the thickness of Fe2O3 shell varies from 10 to 20 nm. HRTEM observations demonstrate 

that the constituents of the nanocomposites are crystalline with characteristics lattice spacing 

due to -Fe2O3 (0.48 nm) and ZnO (0.24 nm). The diffuse reflectance spectra of ZnO@-Fe2O3 

core-shell nanocomposites reveal extended optical absorption in the visible range 400–600 nm. 

The core-shell nanocomposites show red shift of the band gap absorption due to iron oxide 

from 2.24 to 1.9 eV with increase in the precursor concentration of -Fe2O3. The 

photoluminescence spectral studies indicate that the ZnO@-Fe2O3 nanocomposites exhibit 

enhanced defect emission which is expected to increase its photocatalytic activity. The 

ZnO@-Fe2O3 core-shell nanocomposites exhibit superparamagnetic behaviour at room 

temperature with maximum saturation magnetization of 2.1 emu/g. 
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Applications of Nanocomposites 

Nanocomposites have been widely studied because of their potential applications in 

environmental remediation [1,2], energy storage [3], sensors [4,5], catalysis [6] and biological 

applications [7,8]. In the present study, various applications such as oxidation of styrene, 

photocatalytic degradation of rhodamine B (RhB) and congo red (CR), and photocatalytic 

reduction of Cr(VI) using the synthesized nanocomposites have been demonstrated         

(Scheme 6.1). 

 

Scheme 6.1: Different applications studied using the nanocomposites prepared in the present 

study. 

6.1 Styrene Oxidation 

6.1.1 Introduction 

Heterogeneous catalysis has advantages such as reuse of catalysts and easy separation of 

catalyst from the products [6,9]. Functionalization of hydrocarbons by catalytic oxidation of 

C-H bond to form oxygenated products under mild conditions is a major challenge now a days. 

This route provides key to the formation of oxygenated chemicals and pharmaceuticals [10]. 

Catalytic oxidation of styrene is useful from both academic and commercial point of view for 

Styrene oxidation

Rhodamine B 
degradation

Cr(VI) reduction

Congo red degradation
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the synthesis of styrene oxide [11]. Styrene oxide, the product of oxidation, is an important 

intermediate for a large variety of fine chemicals [12]. Conventionally, oxidation of styrene is 

carried out using stoichiometric quantities of organic peracids as the oxidant [13]. However, 

peracids are expensive and hazardous, with poor selectivity for styrene oxide with undesirable 

side products. A few studies have been reported recently for greener epoxidation of styrene 

using safer oxidizing agents (e.g. tert-butyl hydroperoxide (TBHP) and hydrogen peroxide) 

and easily separable solid catalysts. The examples for the latter include NiO, CoO, and MoO3 

nanoparticles [14], nanocrystalline oxides of Cu–Ni–Co on γ-alumina [15], Fe3O4 

nanoparticles [16], Ag/Mn3O4 [10], gold supported transition metal oxides [17], silica 

supported indium oxide [18], NiCoFe spinel-type oxide [19] and metal ion doped TiO2 

nanoparticles [20]. 

6.1.2 Experimental Details 

In the present study, oxidation of styrene by tert-butyl hydroperoxide (TBHP) in the presence 

of NiO-Al2O3 nanocomposites (Chapter 3) as the catalyst was studied (Scheme 6.2) [14]. The 

oxidation reactions were carried out under reflux conditions at 80 oC in air with stirring in a    

50 mL round-bottom flask on a constant temperature oil bath. Gas chromatography-mass 

spectrometry (GC-MS) was used for the identification and the quantification of the products. 

The analysis was done on a Perkin-Elmer Clarus 680 gas chromatograph coupled with a Perkin-

Elmer Clarus SQ 8T mass detector. The column (Elite5MS) used was of length 30 m, i.d.0.25 

mm, film thickness 0.25 μm and temperature range 80 to 280 oC. For the catalytic test, 50 mg 

of the catalyst and 1 mmol of styrene were added to 10 mL acetonitrile, followed by the addition 

of 3 mmol of TBHP. The reaction mixture was heated at 80 °C for 6 h under continuous stirring. 

The products of the reaction were analyzed by GC-MS. 

Scheme 6.2: Reaction products of oxidation of styrene. 
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6.1.3 Results and Discussion 

The catalytic reaction was also carried out using pure NiO nanoparticles, pure Al2O3 and also 

in the absence of the catalyst. No products were obtained when the reaction was carried out     

(i) using pure alumina, (ii) in the absence of catalyst and (iii) in the absence of TBHP. The 

results on the epoxidation of styrene using the NiO-Al2O3 nanocomposites are given in        

Table 6.1. 

Table 6.1: Results on the epoxidation of styrene by TBHP using NiO-Al2O3 nanocomposites 

as the catalyst. For more details on the nanocomposites, see Table 3.2. 

Sl. No. Catalyst 
Styrene 

oxide (%) 

Benzaldehyde 

(%) 

Total 

conversion 

(%) 

Surface 

area 

(m2/g) 

1. 
NiO 

nanoparticles 
10.8 28.3 39.1 25.4 

2. 

LN1 

[Ni2+]:[Al3+] 

= 0.5:1 

52.0 8.2 60.2 336.7 

3. 

LN2 

[Ni2+]:[Al3+] = 

1:1 

4 18.5 22.5 293.7 

4. 

LN3 

[Ni2+]:[Al3+] = 

2:1 

6 21.8 27.8 216.6 

 

From Table 6.1, one can conclude that the NiO-Al2O3 nanocomposite LN1 shows a total 

conversion of 60.2%, with a selectivity (selectivity (%) of a product = (concentration of 

product/total concentration of all products) × 100) for styrene oxide of 86.3% in a reaction time 

of 6 h. Ren et al. [21] have reported 69% of conversion of styrene with 78.2% selectivity for 

styrene oxide in a reaction time of 21 h. Choudhary et al. have reported NiO-SiO2 and                

NiO-Al2O3 as the catalysts in the epoxidation of styrene. They obtained a total conversion of 

48.8% and selectivity of 77.7% for styrene oxide by NiO-SiO2. Using NiO-Al2O3, total 

conversion of 55.2% and selectivity of 52.2% for styrene oxide was obtained in a reaction time 

of 3 h [14]. 



Synthesis and Characterization of Metal Oxide/Metal sulfide Nanocomposites 

 

261 
 

6.1.3.1 Mechanism of styrene oxidation 

Ghosh et al. [22] have explained the factors that contribute to good conversion and selectivity 

of styrene oxide. Solid catalysts containing transition metals act as solid Lewis acids. The 

Lewis acids catalyze oxidation reactions by forming acid-base adducts either with the substrate 

or with the oxidizing agent (in the present study, TBHP) enhancing their reactivity and 

selectivity towards styrene oxide [23]. The nanocomposite LN1 shows maximum conversion 

and selectivity for styrene oxide compared to pure NiO nanoparticles and the other two 

nanocomposites (LN1 and LN2). Nanocomposite LN1 has a higher surface area (336.7 m2/g) 

compared to that of pure NiO nanoparticles, alumina and the other two nanocomposites (LN2 

and LN3). TEM results and EDX analysis of nanocomposite LN1 show uniform dispersion of 

NiO nanoparticles over alumina (Chapter 3, Fig. 3.7 and Table 3.3). Due to this, nanocomposite 

LN1 adsorbs more styrene molecules and provides more actives sites for the epoxidation of 

styrene compared to the other nanocomposites. NiO possesses surface acid sites which will 

form acid-base adducts with the oxidizing agent (TBHP) enhancing the selectivity towards 

styrene oxide [23,24]. The alumina support provides mechanical strength to the NiO 

nanoparticles as well as increases the effective surface area. 

6.2 Photocatalytic Degradation of Rhodamine B 

6.2.1 Introduction 

Dyes are organic pollutants and their release as waste in the environment is source of noticeable 

pollution and have adverse effect on aquatic life [25]. Most of the dyes are resistant to 

biodegradation and direct photolysis, and N-containing dyes such as rhodamine B (RhB) 

undergo self-reductive degradation to produce carcinogenic aromatic amines. Rhodamine B is 

a common dye used extensively in textile, printing, food, and cosmetic industries [26]. RhB 

belongs to the triphenylmethane family, which contains four N-ethyl groups at either side of 

the xanthene ring (Scheme 6.3) [26]. In the present study, photodegradation of rhodamine B 

was carried out using CdS-TiO2 (Chapter 4) and Ag2S-TiO2 (Chapter 4) nanocomposites as the 

photocatalysts. 
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Scheme 6.3: Chemical structure of rhodamine B. 

6.2.2 Photocatalytic degradation of rhodamine B by CdS-TiO2 nanocomposites 

6.2.2.1 Experimental Details 

For the photocatalysis experiments, about 0.1 g each of CdS–TiO2 nanocomposite powders 

was dispersed in 100 mL of aqueous rhodamine B solution (10-5 M). The mixture was sonicated 

for 10 minutes and kept for 30 minutes in dark in order to reach adsorption–desorption 

equilibrium. The contents were irradiated under sunlight at room temperature for various time 

intervals (0 to 120 minutes) (Scheme 6.4). After periodic time intervals, 5 mL of the reaction 

mixture was taken and centrifuged to remove the dispersed photocatalyst. The concentration 

of rhodamine B was analyzed by checking the absorbance of the supernatant solution at          

553 nm using a UV–visible spectrophotometer (Shimadzu UV–2450). Pure CdS nanoparticles 

and TiO2 were also used as the catalysts to compare their photocatalytic activity with that of 

the CdS–TiO2 nanocomposites. 
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Scheme 6.4: Experimental steps involved in photocatalytic degradation of rhodamine B. 

6.2.2.2 Results and Discussion 

Fig. 6.1(a) shows the UV–visible spectral results on the photodegradation of rhodamine B by 

pure CdS nanoparticles and all the CdS-TiO2 nanocomposites prepared using different TiO2 

samples (See Table 4.2). Nanocomposite CT4 shows maximum degradation of rhodamine B 

compared to pure CdS and the other nanocomposites. Fig. 6.1(b) and 6.1(c) show the kinetics 

of degradation of rhodamine B in the presence of pure CdS nanoparticles and sol-gel TiO2 

nanoparticles calcined at 500 oC, respectively. In the case of pure CdS, it can be seen that the 

absorption band at 553 nm is blue-shifted to 498 nm and in the case of sol–gel TiO2 

nanoparticles calcined at 500 oC, the intensity of absorption band at 553 nm decreases with 

increase in irradiation time but without any shift. Fig. 6.1(d) shows the kinetics of degradation 

of rhodamine B using CdS–TiO2 nanocomposite CT4 as the catalyst. It can be seen that the 

absorption band at 553 nm is blue shifted to 498 nm. The absorbance decreases with irradiation 

time, and almost completely disappears after 120 minutes. 

100 mL aqueous 

solution of RhB (1×10-5) 
Catalyst (0.1 g) 

Dispersed catalyst in 

aq. RhB 

Sonication for 10 min 

Sunlight irradiation for different 

 time intervals (0 to 120 min) 

Photodegraded 

products 
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Fig. 6.1: (a) UV-visible spectra indicating the photodegradation of rhodamine B using pure 

CdS, TiO2 nanoparticles and all the CdSTiO2 nanocomposites, (b) kinetic study of 

photodegradation of rhodamine B by CdS nanoparticles, (c) kinetic study for photodegradation 

of rhodamine B by TiO2 nanoparticles calcined at 500 oC, and (d) kinetic study for 

photodegradation of rhodamine B by CdS-TiO2 nanocomposite CT4. 

On the other hand, pure CdS and TiO2 nanoparticles calcined at 500 oC are unable to complete 

the degradation of rhodamine B in 120 min of irradiation (Fig. 6.2(a)). The photocatalytic 

degradation of rhodamine B by different photocatalysts under visible light irradiation follows 

pseudo-first-order kinetics with respect to the concentration of rhodamine B [55]; the plot of         

–ln (Ct/C0) versus time yields a straight line with slope k (Fig. 6.2(b)) where Ct and C0 are the 

rhodamine B concentrations at time t = t and t = 0, respectively and k is the rate constant. The 

rate constant for rhodamine B degradation using CdS–TiO2 nanocomposite CT4 is 0.06 min−1 

which is higher than the corresponding values for pure CdS (0.027 min-1) and pure TiO2 

(0.0057 min-1). Besides higher photocatalytic activity, the CdS-TiO2 nanocomposite CT4 also 

showed good stability and reusability towards photodegradation of rhodamine B. 
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Fig. 6.2: (a) Comparison of photocatalytic degradation behavior of rhodamine B over pure CdS 

nanoparticles, TiO2 and CdS-TiO2 nanocomposite (CT4), and (b) pseudo-first-order kinetics of 

rhodamine B degradation using CdS,TiO2 nanoparticles and CdS-TiO2 nanocomposite (CT4) 

as the catalysts under visible light irradiation. 

Table 6.2 lists the summary of reported results of rhodamine B photodegradation by various 

CdS-TiO2 nanocomposites. 

Table 6.2: Summary of reported results on the photodegradation of RhB by different              

CdS-TiO2 nanocomposites. 

Sl. 

No. 
Catalyst Reaction conditions 

Time required for 

complete 

degradation/ Rate 

constant 

Reference 

1. 
CdS–TiO2 

heterojunctions 

100 mg of catalyst was 

suspended in 100 mL of RhB 

solution (20 mg L-1), irradiation 

under 300 W Xenon lamp 

120 min [27] 

2. 

CdS 

nanocrystals 

decorated TiO2 

nanotube arrays 

50 mg of catalyst was 

suspended in 50 mL of RhB 

solution (5 mg L-1), visible light 

source of 350 W Xenon lamp 

60 min/0.046 min-1 [28] 
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3. 
CdS-TiO2 

nanofibers 

0.1 g catalyst in 100 mL of RhB 

(10 mg L-1), visible light source 

of 150 W Xenon lamp 

6 h/0.011 min-1 [29] 

4. 

CdS quantum 

dots sensitized 

TiO2 nanotube 

arrays 

25 mg of catalyst was 

suspended in 50 mL of RhB 

solution (5 mg L-1), visible light 

source of 500 W halogen lamp 

120 min [30] 

5. 
CdS-TiO2 

nanocomposites 

100 mg of catalyst was 

suspended in 100 mL of RhB 

solution (20 mg L-1), visible 

light source of 300 W Xenon 

lamp 

80 min [31] 

6. 
CdS–TiO2 

heterojunctions 

50 mg of catalyst suspended in 

50 mL of RhB solution            

(5 mg L-1), under visible light 

source of 300 W Xenon lamp 

90% degradation 

in 30 min 
[32] 

7. 

TiO2@CdS and 

CdS@TiO2 

double-shelled 

hollow spheres 

50 mg of catalyst suspended in 

50 mL of RhB solution           

(10 mg L-1), visible light source 

of 500 W Xenon lamp 

60 min [33] 

8. 
CdS–TiO2 

nanocomposites 

40 mg of catalyst suspended in 

80 mL of RhB solution             

(5 mg L-1), visible light source 

of 500 W halogen lamp 

94% degradation 

in 120 min 
[34] 

9. CdS@TiO2 

50 mg of catalyst suspended in 

50 mL of RhB solution          

(10 mg L-1), visible light source 

of 300 W Xenon lamp 

4h/0.021 min-1 [35] 

10. TiO2/CdS 

25 mg of catalyst dispersed in 

100 mL of RhB solution         

(25 mg L-1), solar light 

simulator (100 W cm-2) 

60 min [36] 
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11. 
CdS–TiO2 

microspheres 

50 mg of catalyst dispersed in 

50 mL of RhB solution          

(10 mg L-1), visible light source 

of 500 W Xenon lamp 

3 h [37] 

12. 

CdS  quantum 

dots decorated 

TiO2 nanotube 

arrays 

20 mL of RhB solution             

(5 mg L-1), 300 W xenon lamp 

68.14% in  

300 min 

/0.0033 min-1 

[38] 

13. 

CdS 

nanocrystals 

decorated TiO2 

nanotubes 

30 mL of RhB solution             

(5 mg L-1), 350 W xenon lamp 

63.5%  

in 60 min/ 

0.06476 min-1 

[39] 

14. 

CdS quantum 

dot–TiO2 

nanobelt 

3 mL of RhB solution 

(5 mg L-1), 300 W xenon lamp 

Complete 

degradation in        

4 h/0.123 min-1 

[40] 

15. 
TiO2/CdS 

hollow sphere 

70 mg of catalyst dispersed in 

70 mL of RhB solution (15 mg 

L-1), 300 W Xenon lamp 

94.2% in 120 min [41] 

16. 
CdS-TiO2 

nanocomposites 

100 mg of catalyst suspended in 

100 mL of RhB solution            

(5 mg L-1), sunlight illumination 

120 min/0.06 min-1 
Present 

work 

In the reported literature, complete degradation of rhodamine B takes 30 minutes to 6 h with 

the highest reported rate constant of 0.123 min-1. In the present work, complete degradation of 

rhodamine B takes about 120 min with a rate constant of 0.06 min-1. 

6.2.2.3 Mechanism of photodegradation of rhodamine B 

It is proposed, in the present study, that the degradation of rhodamine B takes place by                 

N-de-ethylation. On illumination with sunlight, electrons from the valence band of CdS get 

excited to its conduction band. Also, electrons transfer from the exited RhB molecules to the 

conduction band of CdS (Scheme 6.5) [42]. The N-de-ethylation process involves electron 

transfer from nitrogen atom of the excited singlet state of rhodamine B to CdS nanoparticles 

leading to the formation of radical cation of rhodamine B [43]. The dye radical cation 
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undergoes de-ethylation due to attack by one of the active oxygen species on the N-ethyl     

group [43,44]. A close examination of the spectral behaviour of degradation of rhodamine B 

by nanocomposite CT4 (Fig. 6.2(d)) suggests that RhB is de-ethylated in a stepwise manner, 

i.e., ethyl groups are removed one by one as confirmed by the gradual shift of absorption 

maximum of rhodamine B towards the blue region [45]. De-ethylation of the N, N, N′, N′-tetra 

ethylated rhodamine (i.e., RhB) leads to its major absorption band shifted towards the blue 

region (RhB (max = 553 nm), N, N, N′-tri-ethylated rhodamine (539 nm), N, N′-di-ethylated 

rhodamine (522 nm), N-ethylated rhodamine (510 nm), and rhodamine (498 nm) [43,45]. 

Irradiation with visible light for longer times leads to further decomposition of the de-ethylated 

rhodamine by destruction of chromophore as indicated by decrease in the peak intensity at     

498 nm (Fig. 6.1(d)). 

According to Takirawa et al. [46], the most important factor which determines the efficiency 

of N-dealkylation of rhodamine B is the position of the electron donating energy level of the 

excited RhB relative to the conduction band edge of CdS. The relative positions of the standard 

redox potential of the excited singlet state of rhodamine B (RhB*) is 1.09 V versus the normal 

hydrogen electrode [42,44,46]. CdS is an n-type semiconductor and its conduction band 

potential (VCB) is about 0.7 V and its valence band potential (VVB) is about 1.85 V [46,47]. 

Thus, an efficient electron transfer can occur between the excited dye (RhB*) to the conduction 

band of CdS (Scheme 6.5). Further, the electrons are transferred to the conduction band of TiO2 

nanoparticles since the VCB of CdS is more negative than that of TiO2 (0.5 V) [47]. The 

transferred electrons can be trapped by surface oxygen to give O2
•‒

and active species such as 

OOH• and OH• radicals which attack N-ethyl group of the rhodamine B leading to step wise 

de-ethylation and further degradation. 
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Scheme 6.5: Proposed mechanism for photocatalytic degradation of rhodamine B using  

CdS-TiO2 nanocomposites as the catalyst. 

6.2.3 Photocatalytic degradation of rhodamine B by Ag2S-TiO2 nanocomposites 

6.2.3.1 Experimental Details 

Photocatalytic activity tests using the Ag2S-TiO2 nanocomposites (Chapter 4) were performed 

at room temperature. The nanocomposite powders (0.1 g each) were dispersed in 50 mL of 

aqueous rhodamine B solutions (1  10-5 M) in a 100 mL beaker. The mixtures were sonicated 

for about 10 minutes and kept for 60 minutes in dark in order to reach adsorption-desorption 

equilibrium. The contents were irradiated in sunlight for various time intervals (5 to 90 min) 

(experimental steps were same as that in scheme 6.4). After periodic time intervals, 5 mL of 

the reaction mixture was taken and immediately centrifuged to remove the dispersed 

photocatalyst. The concentration of rhodamine B in the supernatant solution was analyzed by 

monitoring the absorbance at 554 nm using the UV-visible spectrophotometer. Pure Ag2S 

nanoparticles and TiO2 (anatase) were also tested as the catalysts to compare their 

photocatalytic activity with that of the Ag2S-TiO2 nanocomposites. 

6.2.3.2 Results and Discussion 

Fig. 6.3(a) shows the UV-visible spectral results on the photodegradation of rhodamine B in 

the aqueous solutions by pure Ag2S nanoparticles, TiO2 nanoparticles and all the Ag2S-TiO2 

nanocomposites (A1-A4) (Chapter 4, Table 4.7). Nanocomposite A4 shows maximum 

decrease in absorbance indicating higher activity compared to pure Ag2S, TiO2 and the other 
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nanocomposites (A1, A2, A3). Detailed kinetic study was carried out using nanocomposite A4 

(Fig. 6.3(b)) by monitoring the absorbance at 554 nm with irradiation time. The absorption 

band due to rhodamine B almost completely disappears after 90 min of irradiation, whereas 

Ag2S and TiO2 nanoparticles are unable to complete the degradation in the same time          

period (Fig 6.3(c)). The photocatalytic degradation of rhodamine B by different photocatalysts 

under visible light follows pseudo-first-order kinetics with respect to the concentration of 

rhodamine B [48,49]. 

− ln (
Ct
Co
) = ktt 

The plot of –ln (Ct/C0) versus time (t) yields a straight line with slope kt (Fig 6 (d)) where Ct 

and C0 are the rhodamine B concentrations at times t and zero, respectively, and kt is the rate 

constant. The rate constant for rhodamine B degradation using Ag2S-TiO2 nanocomposite A4 

is 3.7×10−2 min−1 which is higher than the values of kt obtained using pure Ag2S                 

(1.3×10-2 min-1) and pure TiO2 (6.6×10-3 min-1) as the catalysts. 
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Fig. 6.3: (a) UV-visible spectra indicating the photodegradation of rhodamine B using pure 

Ag2S, TiO2 calcined at 500 oC and the Ag2S-TiO2 nanocomposites (A1-A4), (b) kinetic study 

of photodegradation of rhodamine B by nanocomposite A4, (c) comparison of photocatalytic 

degradation behavior of rhodamine B over pure Ag2S, TiO2 and Ag2S-TiO2 nanocomposite 

(A4), and (d) pseudo-first-order kinetics of rhodamine B degradation using TiO2, Ag2S and 

Ag2S-TiO2 nanocomposite (A4) as the catalysts. 

Zhu et al. have reported the photodegradation of rhodamine B under UV and visible light 

illumination using MWCNT/Ag2S-TiO2 nanocomposites as the catalyst [48]. They have 

compared the photodegradation efficiencies using pure TiO2, Ag2S/TiO2, CNT/TiO2, and 

Ag2S-TiO2/CNT as the catalysts. The Ag2S-TiO2/CNT nanocomposite shows a higher 

efficiency compared to Ag2S/TiO2, CNT/TiO2, and pure TiO2. The authors have reported 

complete photodegradation of rhodamine B under visible light illumination in 160 min with a 

rate constant of 3.18×10-3 min-1. In the present study, the Ag2S-TiO2 nanocomposite A4 shows 

complete degradation of rhodamine B under sunlight in about 90 minutes with a rate constant 
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of 3.7 ×10-2 min-1 which is better compared to the reported results. From FE-SEM, TEM and 

EDX analyses (Chapter 4, Section 4.2.3) it was found that Ag2S-TiO2 nanocomposite A4 has 

uniform distribution of smaller silver sulphide nanoparticles (8.8 ± 1.9 nm) over the TiO2 

matrix. The nanocomposite A4 possesses the highest surface area (54.5 m2/g) among the 

nanocomposites ( A1, A2, A3 and A4, Chapter 4, Section 4.2.3.5) and hence possesses more 

active adsorption sites for rhodamine B, which improves the photocatalytic activity [49,50]. 

The mechanism of photocatalytic degradation of rhodamine B is given below. 

6.2.3.3 Mechanism of photodegradation of rhodamine B 

Photocatalytic degradation of rhodamine B dye is reported to takes place by two pathways          

(I and II) as shown in Scheme 6.6. On illumination with sunlight, electrons from the valence 

band of Ag2S get excited to its conduction band. Since the conduction band of TiO2 is more 

positive than that of Ag2S, electrons from the conduction band of Ag2S get transferred to the 

conduction band of TiO2 [51]. As a result of this, there is less recombination of electrons and 

holes. The photogenerated electrons on irradiated Ag2S react with the surface adsorbed O2 

molecules to yield the O2
•− radical anions which on protonation yields HO2

•− radicals. The holes 

in the valence band of Ag2S become trapped as surface bound OH• radicals due to oxidation of 

the surface hydroxyl groups or H2O molecules [44,48,52]. On illumination with sunlight, 

photooxidation of rhodamine B (RhB) takes place leading to the formation of radial cation 

(RhB•+). In pathway I, the degradation occurs by de-ethylation of RhB•+ because of attack by 

one of the active oxygen species (O2
•−, HO2

•−, OH•) on the N-ethyl group leading to the 

formation of de-ethylated intermediates (N,N,N′-tri-ethylated rhodamine, N,N′-di-ethylated 

rhodamine, N-ethylated rhodamine and rhodamine) with different absorption maxima 

[26,44,52] (as discussed in Section 6.2.2.4). Another pathway II involves the degradation of 

rhodamine B chromophore because of attack by OH• radicals on its chromophoric structure 

leading to rapid decrease in the absorption intensity of rhodamine B at 554 nm [44,52]. 

Destruction of conjugated chromophore structure leads to the formation of intermediates 

(organic acids and various alcohols) and finally to CO2 and H2O [26]. In the case of 

photocatalytic degradation of rhodamine B by Ag2S-TiO2 nanocomposite A4, in addition to 

decrease in the intensity, the absorption maximum (max = 554 nm) shifts by about 25 nm       

(Fig. 6.3(b)). In the present study, it is proposed that both the pathways (de-ethylation as well 

as the destruction of the conjugated chromophore structure of rhodamine B) take place 

simultaneously. 
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Scheme 6.6: Proposed mechanism for photocatalytic degradation of rhodamine B using        

Ag2S-TiO2 nanocomposites as the catalyst. 

6.3 Photocatalytic reduction of Cr(VI) 

6.3.1 Introduction 

Water pollution by heavy metals like Cr(VI), As(V), Pb(II) is posing great threat to human 

health due to its hazardous effect [53]. Chromium is widely use in chemical industries for 

electroplating, leather tanning and painting [54]. Hexavalent chromium is highly toxic and 

carcinogenic and hence it is important to develop methods for the removal Cr(VI) from waste 

water [55]. Various methods have been used for the removal of heavy metal ions such as ion 

exchange, membrane separation, catalytic reduction and adsorption [56]. Among the above, 

catalytic reduction is an attractive method due to its simplicity and high efficiency. In present 

study, CdS-TiO2 nanocomposites (Chapter 4) were used as photocatalyst for the reduction of 

Cr(VI) into less harmful Cr(III). 

6.3.2 Experimental Details 

The CdS-TiO2 nanocomposites prepared using sol-gel TiO2 nanoparticles calcined at 500 oC 

(CT1-CT4) showed better catalytic activity towards the degradation rhodamine B (section 

6.2.2) and hence they were tried as the catalysts towards the photoreduction of Cr(VI). About 

50 mg each of the CdS-TiO2 nanocomposites (CT1-CT4) was dispersed in 50 mL of Cr(VI) 

solution (40 mg L-1) which was prepared by dissolving K2Cr2O7 in deionized water. The 
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suspension was first stirred in the dark for 30 minutes and then exposed to sunlight for 6 min. 

After certain time interval, 4 mL of the suspension was taken and centrifuged to remove the 

dispersed photocatalyst. The supernatant solution was analyzed by recording the UV–visible 

spectrum (Shimadzu UV–2450). First, a series of standard aqueous solutions of potassium 

dichromate with known concentrations (40 mg L-1, 30 mg L-1, 20 mg L-1
,
 10 mg L-1 and 5 mg 

L-1) were prepared and a calibration plot was made after recording the absorbance values at 

370 nm. Then, the concentration of Cr(VI) in the supernatant solutions after sunlight irradiation 

for 6 minutes for all the samples was estimated by measuring the absorbance values at 370 nm. 

6.3.3 Results and Discussion 

Fig. 6.4(a) shows the UV–visible spectral results on the reduction of Cr(VI) into Cr(III) by 

CdS, TiO2 and CdS-TiO2 nanocomposites (CT1–CT4) in the presence of sunlight. 

Nanocomposite CT4 shows the maximum reduction. The catalytic reduction carried out under 

similar conditions but in the absence of sunlight indicated that the reduction takes place only 

in the presence of sunlight. Fig. 6.4(b) shows the kinetic study for the reduction of Cr(VI) into 

Cr(III) in the presence of CdS nanoparticles, TiO2 nanoparticles and CdS-TiO2 nanocomposite 

CT4. Nanocomposite CT4 shows complete reduction of Cr(VI) into Cr(III) in 6 minutes 

whereas pure CdS and TiO2 nanoparticles were unable to complete the reduction during the 

same time interval. The photocatalytic reduction of Cr(VI) to Cr(III) by different photocatalysts 

under visible light follows pseudo-first-order kinetics [57]; the plot of –ln (Ct/C0) versus times 

yields a straight line with slope k (Fig. 6.4(c)). The rate constant for photocatalytic reduction 

of Cr(VI) to Cr(III) by CdSTiO2 nanocomposite CT4 is 0.56 min−1 which is higher than the 

corresponding values for pure CdS nanoparticles (0.15 min-1) and pure TiO2 (0.0056 min-1).  
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Fig. 6.4: (a) UV-visible spectra indicating the photocatalytic reduction of Cr(VI) to Cr(III) 

using pure CdS nanoparticles, TiO2 nanoparticles and the CdSTiO2 nanocomposites 

(CT1CT4), (b) comparison of kinetics of pure CdS nanoparticles and CdS-TiO2 

nanocomposite (CT4) as the catalysts under visible light irradiation, (c) pseudo-first-order 

kinetics for the photocatalytic reduction of Cr(VI) to Cr(III) using pure CdS nanoparticles, TiO2 

nanoparticles and CdS-TiO2 nanocomposite (CT4). 

In the present study, the initial concentration of Cr(VI) was 40 mg L-1. After sunlight irradiation 

for 6 minutes, the concentration of Cr(VI) decreases to 0.26 mg L-1 in the case of CdS-TiO2 

nanocomposite CT4. In the case of pure CdS nanoparticles and TiO2 nanoparticles, the 

concentration of Cr(VI) decreases to 11.5 mg L-1 and 30.5 mg L-1, respectively. This clearly 

indicates that the CdS-TiO2 nanocomposite CT4 acts as a better photocatalyst compared to pure 

CdS and TiO2 nanoparticles. Liu et al. [58] have reported the photoreduction of Cr(VI) to 

Cr(III) under visible light illumination in the presence of CdS-TiO2 core-shell nanocomposites. 

They have reported that the complete photoreduction of Cr(VI) occurs in 30 minutes. Liu et al. 

[57] have reported photocatalytic reduction of Cr(VI) to Cr(III) in the presence of CdS quantum 
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dots sensitized TiO2 films. They have reported 93% photocatalytic reduction of Cr(VI) in 240 

minutes with a rate constant of 0.011 min-1. Chen et al. [59] have reported photocatalytic 

reduction of Cr(VI) to Cr(III) in the presence of TiO2 coated-CdS spheres core-shell 

nanocomposites. Liu et al. [60] have reported photocatalytic reduction of Cr(VI) to Cr(III) in 

the presence of graphene–(CdS nanowire)–TiO2 nanocomposites. They have reported 

photocatalytic reduction of Cr(VI) in     20 min with a rate constant of 0.185 min-1. In the 

present study, the time required for the complete reduction of Cr(VI) is lower (6 minutes) with 

a higher rate constant (0.56 min-1). 

6.3.3.1 Mechanism of photocatalytic reduction of Cr(VI) 

In the photocatalytic reduction of Cr(VI), CdS is excited by the visible light illumination and 

electrons and holes are created. 

CdS + hν = ℎ+ + 𝑒− 

The photo-generated electrons are easily transferred from the conduction band of CdS 

nanoparticles to that of TiO2. The Cr(VI) ions are reduced to Cr(III) ions by the photo-generated 

electrons, while the holes are involved in the oxidation of water to oxygen [57]. 

Cr2O7
2− + 14 H+ + 6e− → 2Cr3+ + 7H2O 

2H2O + 4H
+  →  O2 + 4H

+ 

The CdS-TiO2 nanocomposite CT4 acts as a good catalyst for the photodegradation of 

rhodamine B and reduction of Cr(VI) into Cr(III) in the presence of sunlight because it 

possesses the smallest CdS crystallite size (3 nm) (Chapter 4, Table 4.3) with uniform 

elemental distribution (as indicated by the EDX analysis, Chapter 4, Table 4.4). 

6.4 Photocatalytic Degradation of Congo red 

6.4.1 Introduction 

Congo red (sodium salt of benzidine diazo-bis-1-naphthyl amine-4-sulphonic acid) is an azo 

dye which is often used as a colouring agent in textile and paper industries [61]. Congo red can 

cause serious environmental hazards and endanger human life due to its toxic, mutagenic and 

carcinogenic nature [62]. Due to its complex aromatic structure (Scheme 6.7), congo red is 

quite stable and it is hard to remove the dye by traditional methods of waste water treatment. 

The absorption spectrum of congo red is characterized by a band at 495 nm due to the azo 
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chromophore which leads to its dark red colour. The other two bands located at 237 nm and 

343 nm are attributed to benzene ring and naphthalene ring, respectively [63]. Hence, it is 

necessary to develop efficient and economical processes to remove congo red from the waste 

water. Semiconductors based photocatalysis is considered as one of the most promising 

methods for wastewater treatment. This is because of its strong destructive power to mineralize 

toxic pollutants into CO2 and H2O. In the present study, the photocatalytic degradation of congo 

red was carried out using CdS--Fe2O3 (Chapter 5) and ZnO@-Fe2O3 (Chapter 5) 

nanocomposites under sunlight irradiation. 

 

Scheme 6.7: Molecular structure of congo red [58] and UV-visible spectrum of an aqueous 

solution of congo red (50 mg L-1). 

6.4.2 Photocatalytic degradation of congo red by CdS--Fe2O3 nanocomposites 

6.4.2.1 Experimental Details 

About 50 mg of each CdS--Fe2O3 nanocomposite powders was dispersed in 50 mL of congo 

red solution (concentration = 50 mg L-1). The suspension was sonicated for about 10 minutes 

and kept in dark for 30 minutes to reach adsorption-desorption equilibrium. Afterwards, the 

suspension was irradiated in sunlight at room temperature for various time intervals                       

(0 to 60 minutes) (Scheme 6.8). Aliquots were taken from the suspension every 5 minutes and 

the photocatalyst powder was separated by centrifugation. The concentration of congo red in 

the supernatant solutions was determined by measuring the absorbance at 495 nm using the 

UV-visible spectroscopy (Shimadzu UV–2450). Pure CdS and -Fe2O3 nanoparticles were also 

explored as the photocatalysts to compare their photocatalytic activity with that of the            

CdS--Fe2O3 nanocomposites. 
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Scheme 6.8: Experimental steps involved in photocatalytic degradation of congo red. 

6.4.2.2 Results and Discussion 

The photocatalytic activity of the CdS--Fe2O3 nanocomposites (FC1-FC6) was examined by 

studying the degradation of congo red under sunlight irradiation. Fig. 6.5(a) shows the                

UV–visible spectral results on the photodegradation of congo red by pure -Fe2O3, CdS 

nanoparticles and all the nanocomposites (FC1-FC6). It can be seen from Fig. 6.5(a) that 

nanocomposite FC5 shows maximum photodegradation compared to pure -Fe2O3, CdS 

nanoparticles and all the other nanocomposites. It is proposed that when the amount of CdS in 

the nanocomposites is too low (e.g. FC1), an efficient interfacial electron transfer from CdS to  

-Fe2O3 does not occur. Also, too much CdS on the surface of -Fe2O3 (nanocomposite FC6) 

blocks irradiation of Fe2O3 and nanocomposite FC5 contains the optimum concentration of 

CdS and it exhibits the maximum degradation. The BET surface area values for the                  

CdS--Fe2O3 nanocomposites FC1, FC2, FC3, FC4, FC5 and FC6 are 29.8 m2/g, 52 m2/g,      

59.8 m2/g, 30.7 m2/g, 66.1 m2/g and 65.2 m2/g, respectively. The CdS--Fe2O3 nanocomposite 

FC5 possesses higher surface area than that of pure -Fe2O3 (51.1 m2/g), CdS nanoparticles 

(58.9 m2/g) and all the other nanocomposites. Thus, due to an optimum concentration of CdS 

and high surface area, CdS--Fe2O3 nanocomposite FC5 shows better photocatalytic activity 

compared to pure -Fe2O3, CdS nanoparticles and other nanocomposites.  
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Fig. 6.5(b) shows the kinetics of photo degradation of congo red using CdS--Fe2O3 

nanocomposite FC5 as the catalyst in comparison with pure iron oxide and CdS nanoparticles. 

It can be seen that the absorbance at 495 nm decreases with time, and it almost approaches zero 

within 60 min. On the other hand, pure -Fe2O3 and CdS nanoparticles are unable to complete 

the degradation of congo red even after 60 minutes of irradiation (Fig. 6.5(c)). 

 

Fig. 6.5: (a) UV-visible spectra indicating photocatalytic degradation of congo red in an 

aqueous solution using pure -Fe2O3, CdS nanoparticles and the CdS--Fe2O3 nanocomposites 

as the catalysts, (b) kinetics of photocatalytic degradation of congo red using CdS--Fe2O3 

nanocomposite FC5 and (c) comparison of photocatalytic degradation of congo red with pure 

-Fe2O3, CdS nanoparticles and CdS--Fe2O3 nanocomposite FC5. 

The pseudo-first-order and pseudo-second-order kinetics models were applied to study the 

kinetics of congo red photodegradation by pure -Fe2O3, CdS nanoparticles and CdS--Fe2O3 

nanocomposite FC5 (equations 1 and 2) [64]. 
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Pseudo first order kinetics model: 

ln [
Co

C
] = k1t                                 (1) 

Pseudo second order kinetics model: 

1

[C]
= k2t +

1

[Co]
                                   (2) 

Where Co and C represent the concentration of congo red at t = 0 and at any time t. k1 and k2 

are pseudo-first and pseudo-second order rate constants, respectively. Figs. 6.6(a) and 6.6(b) 

show the fitting of kinetics data for the photodegradation of congo red using pure Fe2O3, CdS 

nanoparticles and CdS--Fe2O3 nanocomposite FC5 as the catalyst. The kinetic parameters 

obtained by linear regression using the two kinetic models are summarized in Table 6.3.  

Table 6.3: Estimated pseudo first order and second-order kinetic parameters for the 

photocatalytic degradation of congo red using pure -Fe2O3, CdS nanoparticles and                  

CdS--Fe2O3 nanocomposite (FC5) as the catalysts. 

Catalyst 

Pseudo first-order kinetics Pseudo second-order kinetics 

k1 (min-1) R2 k2 (mg-1 min-1) R2 

-Fe2O3 0.009 0.52 0.006 0.93 

CdS 0.024 0.89 0.022 0.97 

CdS--Fe2O3 

nanocomposite 

(FC5) 

0.035 0.71 0.088 0.98 

The higher correlation coefficient values (R2) indicate a better fitting of the kinetic data using 

the pseudo-second-order kinetics model rather than the pseudo-first-order one. The value of 

second order rate constant of photodegradation of congo red using CdS--Fe2O3 

nanocomposite FC5 is 0.088 mg-1 min-1 which is higher than the values for pure Fe2O3       

(0.006 mg min-1) and pure CdS (0.022 mg-1 min-1). The enhanced photocatalytic activity of the 

CdS--Fe2O3 nanocomposites is attributed to an efficient charge separation at the CdS-Fe2O3 

interface. 
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Fig. 6.6: Kinetics plots using (a) pseudo-first order and (b) pseudo-second order models for 

photo degradation of congo red in an aqueous solution. Symbols are experimental values and 

solid lines are the fits using the two kinetic models. 

The ability to recycle a photocatalyst is very important. To investigate the reusability                 

CdS--Fe2O3 nanocomposites, the photocatalytic degradation experiment was repeated four 

times using the same catalyst (CdS--Fe2O3 nanocomposite, FC5) again and again (Fig. 6.7). 

The concentration of congo red was kept constant (50 mg L-1) with 60 minutes as the irradiation 

time. The photocatalyst was recovered in each cycle from the sun light irradiated solutions by 

centrifugation and subsequent washing with double distilled water three times and reused for 

the catalysis. The degradation efficiency of CdS--Fe2O3 nanocomposite FC5 decreases from 

93 % to 85% after three cycles. 
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Fig. 6.7: Four cycles of degradation of Congo-red dye in an aqueous solution in the presence 

of CdS--Fe2O3 nanocomposite (FC5) 

6.4.2.3 Mechanism of Photodegradation of Congo Red 

According to the reported literature [61,62,65], the mechanism for the photo degradation of 

congo red involves cleavage of C–S bond, aromatic ring opening, cleavage of –N=N– double 

bond and cleavage of various C–N and C–C bonds in addition to decarboxylation. Scheme 6.9 

shows the possible species formed during the degradation of congo red in the presence of         

CdS--Fe2O3 nanocomposites as the catalyst. 
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Scheme 6.9: Proposed mechanism and photodegradation products of congo red. 

Based on the literature [66–68], the mechanism of photodegradation is described as follows 

(Scheme 6.10): 

CdS − Fe2O3
ℎ𝜈
→ CdS(e− + h+) + Fe2O3(e

− + h+) 

CdS(e− + h+) + Fe2O3(e
− + h+) → CdS(h+) +  Fe2O3(e

−) 

e−  +  O2  →  O2
•− 

2e−  +  O2 + 2H
+  →  H2O2 

H2O2  + O2
•− → OH•  +  OH− + O2 

On sunlight irradiation, electrons in the valence band of CdS and -Fe2O3 are excited to their 

respective conduction bands. The electrons on the CB of CdS are transferred to that of -Fe2O3 

while the photogenerated holes on the VB of -Fe2O3 are transferred to that of CdS [69].          
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The photogenerated electron–hole pairs migrate easily to the surface and can be separated 

efficiently at the interface of the nanocomposites with low recombination [70]. The transferred 

electrons are trapped by the adsorbed surface oxygen molecules to give O2
•− and H2O2 which 

form active species (OH• radicals) which attack chromophore of the congo red leading to its 

degradation [66,71]. 

 

Scheme 6.10: Band alignment and photo-induced electron transfer in CdS--Fe2O3 

nanocomposites. 

6.4.3 Photocatalytic degradation of congo red by ZnO@-Fe2O3 core-shell 

nanocomposites 

6.4.3.1 Experimental Details 

The photocatalytic experiments using ZnO@-Fe2O3 core-shell nanocomposites (Chapter 5, 

ZF1, ZF2, ZF3 and ZF4) as the catalysts for the photodegradation of congo red in an aqueous 

solution were conducted as follows: 50 mg of each of the catalyst was suspended in 50 mL of 

congo red solution (50 mg L-1) and the contents were stirred in dark for 60 minutes to reach 

adsorption-desorption equilibrium. Afterwards, the suspension was exposed to sunlight for 

various time intervals (0 to 90 minutes) (experimental steps were same as that in Scheme 6.8). 

At regular time intervals, 3 mL of the suspension was taken out and centrifuged at 3500 rpm 

for 5 minutes to completely remove the catalyst. The concentration of congo red in the 

supernatant solution was analyzed with the help of UV-visible spectroscopy (Shimadzu        

UV-2450) by measuring the absorbance at 495 nm. The photocatalytic activity of pure ZnO 

nanorods and -Fe2O3 nanoparticles towards the photodegradation of congo red were also 

studied for comparison with that of the ZnO@-Fe2O3 core-shell nanocomposites. 
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6.4.3.2 Results and Discussion 

In order to study the photodegradation efficiency of ZnO nanorods, -Fe2O3 nanoparticles and 

the ZnO@-Fe2O3 core-shell nanocomposites, the photodegradation of congo red in an aqueous 

solution under sunlight irradiation was carried out. Fig. 6.8(a) shows the UV–visible spectral 

results on the photodegradation of congo red using pure ZnO nanorods, -Fe2O3 nanoparticles 

and all the nanocomposites (ZF1-ZF4) as the catalyst. It can be seen that ZnO@-Fe2O3 

nanocomposite ZF1 shows maximum photodegradation compared to pure ZnO nanorods,               

-Fe2O3 nanoparticles and all the other three nanocomposites (ZF2, ZF3 and ZF4). Fig. 6.8(b) 

shows the effect of varying the amount of catalyst ZF1 on the photocatalytic degradation of 

congo red. The amount of catalyst was varied from 20 to 100 mg in 50 mL of congo red solution 

(50 mg L-1). It can be seen that the solution containing 50 mg and 100 mg of catalyst show 

almost the same decrease in the concentration of congo red. Hence, 50 mg of catalyst (ZF1) in 

50 mL of congo red solution was optimized as the best conditions to carry out further 

photocatalytic degradation experiments. 

Fig. 6.8: (a) UV-visible spectra of photocatalytic degradation of congo red in an aqueous 

solution by ZnO nanorods, -Fe2O3 nanoparticles and ZnO@-Fe2O3 core-shell 

nanocomposites (ZF1, ZF2, ZF3 and ZF4) and (b) UV-visible spectra of photocatalytic 

degradation of congo red using different amounts of ZnO@-Fe2O3 core-shell nanocomposite 

ZF1 as the catalyst. 
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Fig. 6.9 shows the kinetics of photocatalytic degradation of congo red by ZnO, -Fe2O3 

nanoparticles and the ZnO@-Fe2O3 core-shell nanocomposites ZF1, ZF2, ZF3 and ZF4. In 

the case of core-shell nanocomposite ZF1, the intensity of absorption band of congo red at    

495 nm decreases with time and almost approaches zero in about 90 minutes. On the other 

hand, pure ZnO, -Fe2O3 nanoparticles and all the other ZnO@-Fe2O3 nanocomposites (ZF2, 

ZF3 and ZF4) are unable to complete the degradation during this period 

Fig. 6.9: UV-visible spectra of kinetics of photodegradation of congo red in an aqueous 

solution by pure ZnO nanorods, -Fe2O3 nanoparticles and ZnO@-Fe2O3 core-shell 

nanocomposites ZF1, ZF2, ZF3 and ZF4. 
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Fig. 6.10(a) shows the kinetics of photodegradation of congo red using ZnO, -Fe2O3 

nanoparticles and the ZnO@-Fe2O3 core-shell nanocomposites as the catalyst where Co is the 

initial concentration of congo red and C is its concentration at different times. The 

photocatalytic activity of ZnO@-Fe2O3 core-shell nanocomposites decreases with an increase 

in the concentration of Fe(acac)3 used during the preparation of the nanocomposites (Chapter 

5, Table 5.5). The ZnO@-Fe2O3 core-shell nanocomposite with less amount of -Fe2O3 

nanoparticles (ZF1) shows enhanced photocatalytic activity. It is proposed that using higher    

-Fe2O3 content causes reduction in the distance between photoelectrons and holes, which 

results in decrease in the photocatalytic activity due to enhancement in the                

recombination [72,73]. The BET surface area values for the ZnO@-Fe2O3 core-shell 

nanocomposites ZF1, ZF2, ZF3 and ZF4 are 62.1 m2/g, 53.3 m2/g, 50.3 m2/g and 38.2 m2/g, 

respectively. The surface area of core-shell nanocomposite ZF1 is higher than that of pure ZnO 

(24.4 m2/g), Fe2O3 (51.1 m2/g) and all the other nanocomposites. Nanocomposite ZF1 shows 

better activity than that of pure ZnO nanorods, -Fe2O3 nanoparticles and all the other (ZF2, 

ZF3 and ZF4) nanocomposites. This is because it has effective charge separation, more surface 

area and more number of oxygen vacancies present on its surface. As elucidated by PL studies 

in (Chapter 5, Fig. 5.29), nanocomposite ZF1 has enhanced defect emission compared to pure 

ZnO nanorods, -Fe2O3 nanoparticles and all the other ZnO@-Fe2O3 nanocomposites. 

In general, the photodegradation of congo red catalyzed by the semiconductor catalysts follows 

pseudo first-order rate law [74]. 

ln [
Co

C
] = k1t 

Where Co and C represent the concentration of congo red at t = 0 and at any time t and k1 is the 

apparent first order rate constant. Fig. 6.10(b) respectively, shows the fitting of kinetics data 

using pseudo first order rate law for the photodegradation of congo red using pure ZnO 

nanorods, -Fe2O3 nanoparticles and ZnO@-Fe2O3 core-shell nanocomposites (ZF1-ZF4) as 

the catalysts.  
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Fig. 6.10: (a) Comparison of photocatalytic degradation of congo red with ZnO nanorods,             

-Fe2O3 nanoparticles and ZnO@-Fe2O3 core-shell nanocomposites (ZF1-ZF4) (Co is the 

initial concentration of dye and C is the concentration of dye at different times), and (b) kinetics 

plots of pseudo first order for congo red dye photodegradation. Symbols are experimental 

values and solid lines are the fits using the pseudo first order kinetic model. 

The kinetic parameters obtained by the linear fitting using the pseudo first order kinetic model 

are summarized in Table 6.4. The first order rate constant of congo red degradation using 

ZnO@-Fe2O3 core-shell nanocomposite ZF1 is 0.022 min-1 which is higher than the values 

for pure ZnO (0.005 min-1), pure -Fe2O3 (0.006 min-1) and other ZnO@-Fe2O3 core-shell 

nanocomposites (ZF2 (0.019 min-1), ZF3 (0.014 min-1) and ZF4 (0.012 min-1). The enhanced 

activity of the ZnO@-Fe2O3 core-shell nanocomposites is attributed to faster charge 

separation at the interface of ZnO@-Fe2O3 core-shell nanocomposites. 

Table 6.4: Estimated pseudo first order kinetic parameters for the photocatalytic degradation 

of congo red in aqueous solution using pure ZnO, -Fe2O3 nanoparticles and ZnO@-Fe2O3        

core-shell nanocomposites as the catalysts. 

Catalyst Rate constant (min-1) R2 

Fe2O3 0.006 0.80 

ZnO 0.005 0.78 

ZF1 0.022 0.98 

ZF2 0.019 0.98 

ZF3 0.014 0.97 

ZF4 0.012 0.97 
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The ability of reusing the ZnO@-Fe2O3 core-shell nanocomposite ZF1 was evaluated by 

performing repeated photocatalytic degradation reactions using congo red (50 mg L-1). The 

suspension was first irradiated in sunlight for 90 min. The photocatalyst was recovered from 

the suspension after every cycle by centrifugation and subsequent washing with doubled 

distilled water for three times. The recovered catalyst was dried in vacuum for overnight and 

was reused for the photodegradation again. The degradation efficiency of the ZnO@-Fe2O3 

core-shell nanocomposite ZF1 decreases from about 97 % to 85 % after four cycles (Fig. 6.11). 
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Fig. 6.11: Reusability of ZnO@-Fe2O3 core-shell nanocomposite ZF1 for congo red 

photodegradation. 

6.4.3.3 Mechanism of Photodegradation of Congo Red 

ZnO has absorption in the UV region due to its wide band gap (3.28 eV) and -Fe2O3 has 

absorption in the visible region due to its narrow band gap (1.9-2.2 eV) [75]. The absorption 

spectra of ZnO@-Fe2O3 core-shell nanocomposites have contribution from both the 

components. All the core-shell nanocomposites (ZF1 to ZF4) show better photocatalytic 

efficiency compared to pure ZnO nanorods and pure Fe2O3 nanoparticles. Scheme 6.11 shows 

the band configuration and electron–hole separation at the interface between ZnO and -Fe2O3 

nanoparticles. 
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Scheme 6.11: Schematic diagram of band configuration and electron–hole separation at the 

interface between ZnO nanorods and -Fe2O3 nanoparticles under sunlight irradiation. 

Under sunlight irradiation, the photogenerated electrons in the conduction band (CB) of                  

-Fe2O3 transfer to that of ZnO while the holes in the valence band (VB) of ZnO transfer to 

that of -Fe2O3 [74,76]. This enables the separation of photogenerated electrons and holes, 

which greatly reduce the electron-hole recombination. Subsequently, the electrons in the 

conduction band of ZnO transfer to the surface of ZnO to react with dissolved oxygen 

molecules to give super oxide radicals anions (O2
•−), yielding hydroperoxyl radicals (HO2

• ) on 

protonation and finally OH• radicals [74,76]. The hydroxyl radicals and super oxide radicals 

are powerful oxidizing agents which help in the effective photodegradation of congo red into 

CO2 and H2O. The photocatalytic mechanism is summarized as follows [77]:  

ZnO/Fe2O3+h→(ZnO)e‒ + (Fe2O3)h
+ 

(ZnO)e‒ + O2 → O2
•− 

(Fe2O3)h
+ +HO•− → OH•

 

O2
•−

 + H2O → HO2
•  + HO‒ 

HO2
•  + H2O → H2O2 + OH• 

H2O2 → 2OH• 

Congo red + O2
•−, OH• → degradation products 
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Jiang et al. [66] have reported photodegradation of congo red (20 mg L-1) in the presence of          

-Fe2O3/CdS nanocomposite. They observed a rate constant of 0.0023 min-1 with 91.5% of 

degradation in about 300 min. Mirzaie et al. [73] have reported photodegradation of congo red 

in the presence of ZnO/Fe2O3 nanocomposites. The nanocomposite having (Fe3+/Zn2+) molar 

ratio of 1/100 shows the highest photocatalytic activity of about 93% decolorization in 25 min 

compared to other nanocomposites (Fe3+/Zn2+ = 0.5/100, 5/100 and 10/100). Recently, many 

authors have reported photodegradation of congo red in the presence of different 

nanocomposites. Narayan et al. [78] have reported photocatalytic degradation of congo red         

(25 mg L-1) in the presence of Y3+ doped TiO2 nanocomposites. They observed maximum rate 

constant of 0.027 min-1 for nanocomposite TiO2[Y2O3]0.1 with 91% of degradation in about 180 

min. Pouretedal et al. [79] have reported photodegradation of congo red (5 mg L-1) in the 

presence of Zn1-xCuxS nanocomposites. They observed rate constant of 0.033 min-1 for 

nanocomposite Zn0.9Cu0.1S with 98% degradation in about 120 min. Guo et al. [80] have 

reported photodegradation of congo red (50 mg L-1) in the presence of TiO2/PANI 

nanocomposites. They observed maximum rate constant of 0.0007 min-1 for nanocomposite 

(1:1) with 95% photodegradation in about 160 min. Farbod et al. [81] have reported 

photodegradation of congo red (20 mg L-1) in the presence of Gd/TiO2 nanocomposites. They 

observed rate constant of 0.034 min-1 for the nanocomposite Gd(1.8%)/TiO2 with complete 

photodegradation in about 180 min. Lin et al. [82] have reported photodegradation of congo 

red in the presence of ZnO/Zn nanocomposite with cellulose (ZnO-Zn)-C and starch  

(ZnO/Zn)-S. They observed rate constant of 0.0105 min-1 for nanocomposite (ZnO/Zn)-S with 

98% of photodegradation in about 3 h. Thiripuranthagan et al. [83] have reported 

photodegradation of congo red (50 mg L-1) in the presence of Ag impregnated TiO2–SiO2 

composites. They observed rate constant of 0.0173 min-1 for TiO2–SiO2 impregnated with 1% 

Ag showing 85% of photodegradation in about 180 min. Liu et al. [61] have reported 

photodegradation of congo red (25 mg L-1) in the presence of Ag-ZnO nanocomposites. They 

observed a rate constant of 0.0312 min-1 for 3% Ag-ZnO nanocomposite with 97.3% of 

photodegradation in about 50 min. Li et al. [84] have reported photodegradation of congo red 

(10 mg L-1) in the presence of TiO2/PCNFs (porous carbon nanofibers). They observed a rate 

constant of 0.0158 min-1 for nanocomposite TiO2/PCNFs-4 (0.25 mL of TiCl4) for complete 

photodegradation in about 60 min. In the present work, complete photodegradation of congo 

red take place in about 90 min with a rate constant of 0.022 min-1 by the ZnO@-Fe2O3 

nanocomposite ZF1. 
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6.5 Chemical Oxygen Demand (COD) 

To understand the extent of mineralization of a dye by photocatalysis, chemical oxygen 

demand (COD) of the dye solution was measured [85,86]. Chemical oxygen demand gives an 

idea about concentration of the oxidizable matter present in a solution. If the dye is not 

photodegraded or mineralized, the COD value would be higher than that of the completely 

mineralized dye [87]. For determining the chemical oxygen demand (COD) of the dye solutions 

during the photocatalytic experiments, aliquots were collected after the degradation 

experiment. The initial solution (i.e. before photodegradation) and the solution after the 

photodegradation were taken for COD analysis using a standard dichromate method [88]. The 

tests were carried out using a sample volume of 3.5 mL digested with 1.5 mL of potassium 

dichromate (0.035 M) and 3.5 mL of concentrated sulfuric acid for 120 min at 100 oC 

(Digestion unit DRB 200, HACH, USA). After this, the solutions were allowed to cool and 

analyzed with a COD analyzer (HACH, DR 5000, USA). On the basis of the COD results, the 

photocatalytic degradation efficiency was calculated using the following equation: 

Photodegradation efficiency (%) = 
COD0−COD

COD0
× 100 

Where COD0 and COD are the chemical oxygen demand values of dye solutions before and 

after the photocatalytic degradation, respectively. The COD and photodegradation efficiency 

values for the photodegradation of rhodamine B and congo red in aqueous solutions are given 

in Table 6.5. 

Table 6.5: COD and photodegradation efficiency of rhodamine B (RhB) and congo red (CR) 

dyes in aqueous solutions using different nanocomposites as the catalysts. 

Nanocomposite Dye 

Time of 

sunlight 

irradiation 

(min) 

COD0 

initial 

(mg L1) 

COD 

(After 

sunlight 

irradiation) 

(mg L-1) 

Photodegradation 

efficiency (%) 

CdS-TiO2 

CT4 
RhB 120 203 37 81.7 

Ag2S-TiO2 

A4 
RhB 90 203 10 96.5 
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CdS--Fe2O3 

FC5 
CR 60 57 12 78.9 

ZnO@-Fe2O3 

ZF1 
CR 90 57 16 71.9 

A comparison of the COD values of the initial dye solutions with that after the 

photodegradation using different nanocomposites as the catalyst (CT4, A4, FC5 and ZF1) 

indicates that the COD values are considerably reduced after the photodegradation. The 

reduction in COD values confirms that rhodamine B and congo red are photodegraded in the 

presence of nanocomposites. Ag2S-TiO2 nanocomposite A4 shows the maximum 

photodegradation efficiency (96.5%) for the photodegradation of rhodamine B. 

6.6 Conclusions 

In the present study, various applications of the synthesized nanocomposites were explored. 

NiO-Al2O3 nanocomposites show better catalytic activity in the oxidation of styrene compared 

to pure NiO and Al2O3 nanoparticles. CdS-TiO2 nanocomposites were better photocatalyst in 

the degradation of rhodamine B and reduction Cr(VI) compared to pure CdS and TiO2 

nanoparticles. CdS--Fe2O3 nanocomposites were found to be better photocatalyst in the 

degradation of congo red in an aqueous solution compared to pure CdS and -Fe2O3 

nanoparticles and ZnO@-Fe2O3 core-shell nanocomposites show better catalytic activity in 

the degradation of congo red in an aqueous solution compared to pure ZnO and -Fe2O3 

nanoparticles. The COD analyses for the photocatalytic experiments confirm that rhodamine B 

and congo red are photodegraded in the presence of nanocomposites. Ag2S-TiO2 

nanocomposite A4 shows the maximum photodegradation efficiency (96.5%) for the 

photodegradation of rhodamine B. 
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This chapter deals with an overall summary of the present work along with the future 

prospects. In the present thesis, three different types of nanocomposites were synthesized and 

they include (i) NiO-Al2O3 and PbS-Al2O3 nanocomposites, (ii) CdS-TiO2 and Ag2S-TiO2 

nanocomposites, and (iii) CdS--Fe2O3 and ZnO@-Fe2O3 nanocomposites. The 

nanocomposites were synthesized using a facile sol-gel process a two-step sol-gel process 

followed by thermal decomposition approach and a one-step thermal decomposition approach. 

The synthesized nanocomposites were explored for applications such as oxidation of styrene, 

photocatalytic degradation of rhodamine B, photo-reduction of Cr(VI) and photocatalytic 

degradation of congo red in aqueous solutions. A detailed summary on the synthesis, 

characterization and applications of the nanocomposites, presented in the thesis, along with 

their future prospects is given below. 

Chapter 1: Introduction 

In this chapter, a brief historical background of nanotechnology, an introduction to 

nanocomposites, their types, various synthetic methods for the preparation of nanocomposites 

and the factors affecting their optical and magnetic properties have been discussed. Various 

properties of the nanocomposites have been discussed with the help of suitable examples. At 

the end, some of the important applications of the nanocomposites in different areas have been 

discussed. 

Chapter 2: Experimental techniques 

In this chapter, the analytical techniques which were used to characterize the synthesized 

nanocomposites and the method of their sample preparation have been discussed. The 

analytical techniques include powder X-ray diffraction, Fourier transform infrared 

spectroscopy, Raman spectroscopy, thermal gravimetric analysis, atomic absorption 

spectroscopy, field emission-scanning electron microscopy coupled with energy dispersive     

X-ray analysis, transmission electron microscopy, selected area electron diffraction,              

UV-visible spectroscopy, diffuse reflectance spectroscopy, photoluminescence spectroscopy, 

surface area measurements and magnetic measurements using a superconducting quantum 

interference device (SQUID) and a vibrating sample magnetometer (VSM). The catalytic 

applications of the nanocomposites were studied using gas chromatography coupled with mass 

spectroscopy (GC-MS) and UV-visible spectroscopy. 
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Chapter 3: Synthesis and characterization of NiO-Al2O3 and PbS-Al2O3 nanocomposites by 

sol-gel method 

This chapter consists of two sections and they are summarized separately below. 

3.1 Synthesis and characterization of NiO-Al2O3 nanocomposites by sol-gel method 

NiOAl2O3 nanocomposites were prepared by sol-gel method. This method involves 

hydrolysis of mixture of metal precursors leading to the formation of corresponding metal 

hydroxides which on calcination at 500 oC gives NiO-Al2O3 nanocomposites. This synthetic 

method is easy and no expensive chemicals or any special apparatus was required. The present 

synthetic approach may be extended for the preparation of other metal oxide nanocomposites. 

The nanocomposites were characterized using different sophisticated analytical techniques. 

The XRD results confirm the presence of small NiO nanocrystallites in the nanocomposites 

(mean size ~2.6 nm). The crystallite size of NiO in the nanocomposites increases with an 

increase in concentration of nickel acetate used during the sol-gel process. FT-IR studies on 

the NiO-Al2O3 nanocomposites show characteristic bands due to nickel oxide and alumina and 

Raman spectroscopy results show characteristic bands due to nickel oxide. EDX analysis shows 

the presence of oxygen, aluminium and nickel in the nanocomposites and TEM results suggest 

uniform distribution of small NiO nanoparticles on the surface of alumina with web-like 

morphology for the nanocomposites prepared using [Ni2+]:[Al3+] = 0.5:1 and [Ni2+]:[Al3+] = 

2:1. Diffuse reflectance spectral studies indicate higher band gap of NiO in the nanocomposites       

(4.5 to 4.8 eV) compared to bulk NiO (4.0 eV). The band gap of NiO in the nanocomposites 

increases with decrease in the particle size and this is attributed to quantum size effect. The 

nanocomposites exhibit superparamagnetism at 5 K and show higher remanent magnetization 

compared to pure NiO nanoparticles. The NiO-Al2O3 nanocomposites are expected to be useful 

as good heterogeneous catalyst in industrial processes such as hydrogenation, dehydrogenation, 

petroleum refining, CO2 reduction and fuel cells, and as protective barriers, electrochromic 

materials and sensors. 

3.2 Synthesis and characterization of PbS-Al2O3 nanocomposites by sol-gel method 

PbS-Al2O3 nanocomposites were prepared by the sol-gel method. The XRD results confirm the 

presence of small PbS nanocrystallites in the nanocomposites and the crystallite size of PbS in 

the nanocomposites varies from 18.2 to 40.5 nm. FT-IR studies on the nanocomposites show 

characteristic bands due to lead sulfide and alumina. Raman spectral studies on the 
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nanocomposites reveal characteristic peaks due to PbS nanoparticles and TEM studies indicate 

uniform distribution of lead sulfide nanoparticles on the alumina matrix. Optical studies on the 

PbS-Al2O3 nanocomposites indicate NIR absorption and emission. A blue shift of band gap of 

PbS in the nanocomposites (0.92 to 0.96 eV) compared to pure PbS nanoparticles and bulk PbS 

is observed (0.41 eV). PL studies show characteristic peaks due to excitonic emission of PbS 

nanoparticles in all the PbS-Al2O3 nanocomposites. The PbS-Al2O3 nanocomposites can be 

useful in Q-switching NIR lasers, luminescent markers, solar cells and photovoltaics. 

Chapter 4: Synthesis and characterization of CdS-TiO2 and Ag2S-TiO2 nanocomposites by 

thermal decomposition approach 

This chapter consists of two sections and they are summarized separately below. 

4.1 Synthesis and characterization of CdS-TiO2 nanocomposites by thermal decomposition 

approach 

CdS-TiO2 nanocomposites were prepared by thermal decomposition of cadmium acetate, 

thiourea and three different TiO2 nanoparticles (as prepared sol-gel TiO2, sol-gel TiO2 calcined 

at 500 oC, sol-gel TiO2 calcined at 700 oC) and macro-crystalline TiO2 in diphenyl ether at     

150 oC, in air, for about 60 min. The synthesis was carried out in a short time (60 minutes) and 

no special apparatus was required. The present synthetic approach may be extended for the 

preparation of other metal sulfide-metal oxide nanocomposites. 

The nanocomposites were characterized using different analytical techniques. The XRD results 

confirm the presence of CdS and TiO2 nanocrystallites in the nanocomposites and the crystallite 

size of CdS in the nanocomposites increases with an increase in the concentration of CdS 

precursors (cadmium acetate and thiourea) used during the preparation of nanocomposites. The 

FE-SEM and TEM results indicate uniform distribution of small CdS nanoparticles on the 

surface of TiO2 in the case of nanocomposites prepared using lower concentration of CdS 

precursors ([Cd2+]:[S2-] = 0.15:0.15) and as-prepared sol–gel TiO2 and sol–gel TiO2 

nanoparticles after calcination at 500 oC. Diffuse reflectance spectral studies indicate higher 

band gap of CdS in all the CdS-TiO2 nanocomposites with respect to bulk CdS. 

Photoluminescence studies indicate blue shift in band edge emission of the CdS-TiO2 

nanocomposites compared to pure CdS nanoparticles. The CdS-TiO2 nanocomposites may be 

used for various applications such as photocatalytic degradation of organic pollutants              

(e.g. methyl orange, rhodamine B, and methylene blue), reduction of nitrobenzene derivatives, 
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selective oxidation of alcohols, water splitting, reduction of Cr(VI), bio-imaging and in solar 

cells. 

4.2 Synthesis and characterization of Ag2S-TiO2 nanocomposites by thermal decomposition 

approach 

Ag2S-TiO2 nanocomposites were prepared by the thermal decomposition of silver acetate, 

thiourea and TiO2 nanoparticles (calcined at 500 oC) in diphenyl ether at 220 oC, in air, for 

about 60 min. The synthesis was carried out in a short time (60 minutes) and no special 

apparatus was required. The present synthetic approach may be extended for the preparation of 

other metal sulfide-metal oxide nanocomposites. 

The Ag2S-TiO2 nanocomposites were characterized using different analytical techniques. The 

XRD results confirm the presence of both Ag2S and TiO2 nanocrystallites in the 

nanocomposites and the crystallite size of Ag2S in the nanocomposites (16 to 35.3 nm) 

increases with an increase in the concentration of precursors (silver acetate and thiourea) used 

during the preparation of Ag2S-TiO2 nanocomposites. The FE-SEM images showed that the 

Ag2S-TiO2 nanocomposites consist of more or less uniform particles with close to spherical 

morphology while the energy dispersive X-ray analysis studies indicate the presence of silver, 

sulfur, titanium and oxygen in the nanocomposites. TEM results indicate uniform distribution 

of small Ag2S nanoparticles on the surface of TiO2 and diffuse reflectance spectral studies 

indicate higher band gap of Ag2S in the nanocomposites compared to bulk Ag2S. The band gap 

of Ag2S in the nanocomposites (2.2 to 2.7 eV) increases with decrease in the size of Ag2S 

nanoparticles. The Ag2S-TiO2 nanocomposites may be used for different applications such as 

photocatalytic degradation of organic pollutants (e.g. methyl orange, rhodamine B, and 

methylene blue), and industrial pollutants (e.g. phenol, p-xylene and chlorophenol) and water 

splitting. 

Chapter 5: Synthesis and characterization of CdS--Fe2O3 and ZnO@-Fe2O3 

nanocomposites by thermal decomposition approach 

This chapter consists of two sections and they are summarized separately below. 

5.1 Synthesis and characterization of CdS--Fe2O3 nanocomposites by thermal decomposition 

approach 

CdS--Fe2O3 nanocomposites were successfully prepared by a simple and facile thermal 

decomposition approach which involves thermal decomposition of iron acetylacetonate, 
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cadmium acetate and thiourea in diphenyl ether at 200 oC, in air, for about 35 or 70 min. The 

method is easy, can be carried out at low temperature (~200 oC) and no expensive chemicals 

or any special equipment was required. 

The CdS--Fe2O3 nanocomposites were characterized using different analytical techniques. 

The XRD results confirm the presence of CdS nanocrystals (1.2 to 2.9 nm) in the 

nanocomposites. FT-IR results on the nanocomposites show characteristic bands due to               

-Fe2O3 and CdS. FE-SEM results indicate more or less uniform particles with close to 

spherical morphology while the energy dispersive X-ray analysis studies indicate the presence 

of cadmium, sulfur, iron and oxygen in the nanocomposites. TEM results indicate formation of 

agglomerated sphere-like particles in the nanocomposites. Diffuse reflectance spectral studies 

of CdS--Fe2O3 nanocomposites indicate absorbance in the visible region (1.8 to 2.5 eV) and 

the nanocomposites show blue shift of band edge emission compared to pure CdS due to 

quantum size effect. The CdS--Fe2O3 nanocomposites exhibit superparamagnetic behaviour 

at room temperature. The CdS--Fe2O3 nanocomposites show multifunctional properties 

(optical and magnetic) due to which they may be useful in catalysis, environmental remediation 

(photodegradation of organic pollutants), sensors, magnetic materials, pigments, lithium ion 

batteries and drug delivery. 

5.2 Synthesis of ZnO@-Fe2O3 core-shell nanocomposites by a thermal decomposition 

approach 

ZnO@-Fe2O3 core-shell nanocomposites were synthesized by a novel two-step thermal 

decomposition approach. This method involves, thermal decomposition of iron acetylacetonate 

and ZnO nanorods (prepared by calcination of zinc acetate at 300 oC) in diphenyl ether at about 

200 oC, in air, for about 35 min. The method employed is simple, can be carried out at low 

temperature (~ 200 oC) and no expensive chemicals or any special apparatus was required. 

 The ZnO@-Fe2O3 nanocomposites were characterized with the help of an array of analytical 

techniques. XRD results confirm the presence of hexagonal wurtzite ZnO and XRD studies on 

as prepared and calcined samples suggest the phase of as prepared iron oxide nanoparticles as 

-Fe2O3. FT-IR studies on the as prepared iron oxide nanoparticles and ZnO@-Fe2O3          

core-shell nanocomposites show characteristic IR bands due to -Fe2O3 and FE-SEM images 

show uniform shell formation of iron oxide on the ZnO nanorods. Transmission electron 

microscopy studies clearly show that ZnO exhibits rod like morphology with ∼40 nm diameter 
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and length 1.1 μm and the TEM images of ZnO@-Fe2O3 core-shell nanocomposites show 

uniform shell formation of -Fe2O3 nanoparticles on the surface of ZnO nanorods. The 

thickness of Fe2O3 shell varies from 10 to 20 nm in ZnO@-Fe2O3 core-shell nanocomposites. 

HRTEM observations demonstrate that the constituents of the nanocomposites are crystalline 

with characteristic lattice spacing of -Fe2O3 (0.48 nm) and ZnO (0.24 nm). The diffuse 

reflectance spectra of ZnO@-Fe2O3 core-shell nanocomposites reveal extended optical 

absorption in the visible range 400–600 nm. The core-shell nanocomposites show red shift of 

the band gap absorption due to iron oxide from 2.24 eV to 1.9 eV with increase in the precursor 

concentration of -Fe2O3. The photoluminescence spectral studies indicate that the            

ZnO@-Fe2O3 core-shell nanocomposites exhibit enhanced defect emission which is expected 

to increase its photocatalytic activity. The ZnO@-Fe2O3 core-shell nanocomposites exhibit 

superparamagnetic behaviour at room temperature with maximum saturation magnetization of 

2.1 emu/g. The ZnO@-Fe2O3 core-shell nanocomposites show interesting optical and 

magnetic properties due to which they may be useful in catalysis, waste water treatment, water 

splitting, sensors, magnetic materials, lithium ion batteries and solar cells. 

Chapter 6: Applications of Nanocomposites 

In this chapter, various applications such as oxidation of styrene, photocatalytic degradation of 

rhodamine B, photocatalytic reduction of Cr(VI) and photocatalytic degradation of congo red 

using the synthesized nanocomposites have been demonstrated. 

The NiO-Al2O3 nanocomposites show better catalytic activity in the oxidation of styrene 

compared to pure NiO and Al2O3 nanoparticles. NiO-Al2O3 nanocomposite prepared using 

[Ni2+]:[Al3+] = 0.5:1 shows a total conversion of 60.2%, with a selectivity for styrene oxide of 

86.3% in a reaction time of 6 h. The NiO-Al2O3 nanocomposites can be explored as 

heterogeneous catalyst for the oxidation of methane, reduction of CO2, etc. The CdS-TiO2 

nanocomposites are better photocatalyst in the degradation of rhodamine B and reduction 

Cr(VI) in aqueous solutions compared to pure CdS and TiO2 nanoparticles. The CdS-TiO2 

nanocomposite prepared using [Cd2+]:[S2-] = 0.15:0.15 shows complete photodegradation of 

rhodamine B in 120 min and complete photo-reduction of Cr(VI) in 6 min. These 

nanocomposites can be explored for the degradation of other dyes such as methylene blue, 

rhodamine 6B, methyl orange, congo red, etc. The Ag2S-TiO2 nanocomposites show better 

photocatalytic activity in the degradation of rhodamine B in aqueous solutions compared to 

pure Ag2S and TiO2 nanoparticles. The Ag2S-TiO2 nanocomposite prepared using                 
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[Ag+]:[S2-] = 0.3:0.15 shows complete degradation of rhodamine B in 90 min. These 

nanocomposites can be explored for degradation of other dyes such as methylene blue, 

rhodamine 6B, methyl orange, congo red, etc. The CdS--Fe2O3 nanocomposites were found 

to be better photocatalyst in the degradation of congo red in aqueous solutions compared to 

pure CdS and -Fe2O3 nanoparticles. The CdS--Fe2O3 nanocomposite prepared using 

[Fe3+]:[Cd2+]:[S2-] = 1:0.25:0.25 shows complete photodegradation of congo red in 60 min. 

These nanocomposites can be explored for degradation of other dyes such as methylene blue, 

rhodamine B, methyl orange, etc. The ZnO@-Fe2O3 core-shell nanocomposites show better 

catalytic activity in the degradation of congo red in an aqueous solutions compared to pure 

ZnO nanorods and -Fe2O3 nanoparticles. The ZnO@-Fe2O3 core-shell nanocomposite 

prepared using [Zn2+]:[Fe3+] = 1:0.25 shows complete photodegradation of congo red in 90 

min. These nanocomposites can be explored for degradation of other dyes such as methyl 

orange, rhodamine B, methylene blue, etc. The COD analyses for the photocatalytic 

experiments confirm that rhodamine B and congo red are photodegraded in the presence of 

nanocomposites. Ag2S-TiO2 nanocomposite A4 shows the maximum photodegradation 

efficiency (96.5%) for the photodegradation of rhodamine B. 


	1_part.pdf
	COVER PAGE.pdf
	1st page.pdf
	copyright.pdf
	Declaration.pdf
	Contents.pdf
	Abstract.pdf
	Acknowledgments.pdf
	List of Figs, Schemes and Tables.pdf
	Contents_Chapters_A4.pdf

	C-1.pdf
	chapter 1 final.pdf
	C-2.pdf
	Chapter 2 final.pdf
	C-3.pdf
	chapter 3 final.pdf
	C-4.pdf
	Chapter 4 final.pdf
	C-5.pdf
	Chapter 5 final.pdf
	C-6.pdf
	Chapter 6 final.pdf
	C-7.pdf
	Chapter 7 final.pdf

