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Abstract 

In the modern day scenario, utilization of nanomaterials in diverse fields has become 

obligatory to resolve the needs and desires. Owing to their optical, electronic and catalytic 

properties, the preparation of nanomaterials has been given a greater significance. Especially, 

the nano-sized metal oxides are well-intentioned for various applications including sensors, 

solar cells, photocatalysis, storage devices, anti-reflection coatings, optical waveguides, 

environmental remediation, and biological applications. The size, shape and performance of 

the metal oxide nanoparticles can also be dictated by the synthetic method by which they 

have been made. Numerous preparative methods are reported such as combustion, solid state, 

sol–gel, hydrothermal, vapor deposition (physical and chemical), mechanochemical synthesis 

etc. Sol–gel method is a cost-effective and most common synthetic approach among all, due 

to its simplicity and flexibility. The existing sol–gel procedure is limited by reaction time, 

scalability and ease of doping. Therefore, an improved, general and versatile synthetic 

approach is required, which can be used to tune the material property and thereby to enhance 

the performance.  

In the first chapter, various synthetic procedures for the preparation of metal oxide 

nanomaterials are discussed. This emphasises the importance of the polymerizable sol–gel 

approach towards the synthesis of supported metal oxide nanomaterials and fabrication of 

metal oxide micro and nanostructures. The properties and the different characterization 

techniques to analyze the prepared materials are also mentioned. A brief description on the 

applications of the metal oxides micro/nanostructures are given at the end of this chapter. 

In the chapter 2, the reagents and chemicals used for the synthesis and applications 

are given. Various analytical instruments that were utilized for the characterization of 

materials have also been listed in this chapter.  

In the chapter 3, a polymerizable sol-gel method has been employed to synthesize 

tailored TiO2 supported zeolite-4A. The synthetic procedure was optimized by using FTIR, 

TGA and DSC to prepare various TiO2 loading ranging from 10 to 30 wt% on the support. 

The as-synthesized materials were characterized thoroughly and found that the polymerizable 

sol-gel approach yields highly dispersed nano-crystalline TiO2 on the zeolite-4A support. The 

tailored materials exhibited high rate of photocatalytic degradation of methylene blue at 

alkaline pH. The used catalysts were subjected to recyclability investigations, which 

demonstrated highly stable surface of these materials. As the material has proven for its 
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properties and activity, this has further improved by combining with reduced graphene oxide. 

This bifunctional nanocomposite photocatalyst that possesses high photocatalytic activity as 

well as enhanced adsorption capability was developed. The adsorption component, graphene 

oxide was synthesized following an improved oxidation method from graphite flakes; while 

the photoactive component, TiO2 was synthesized by the polymerizable sol–gel route. The as-

synthesized graphene oxide was partially photo-reduced, and got anchored as reduced 

graphene oxide onto TiO2. This reduced-graphene oxide/TiO2 was dispersed over the zeolite-

4A and this nanocomposite hybrid system exhibited remarkable adsorption capability as well 

as high photocatalytic degradation efficiency for methylene blue. 

In chapter 4, we have demonstrated the photoreduction of Cr(VI) in aqueous medium 

as it is hazardous for the human being and aquatic life. Fe3O4 is chosen as the magnetically 

recoverable support, onto which, 10, 20, 30 and 50% of TiO2 have been dispersed following 

the polymerizable sol–gel approach. With 5 mM of oxalic acid as the hole-scavenger, the 

TiO2/Fe3O4 materials have demonstrated superior activity to the non-supported bulk TiO2 

towards Cr(VI) photoreduction under UV irradiation in aerobic atmosphere. The 30% 

TiO2/Fe3O4 catalyst has also demonstrated good recoverability as well as recyclability. This 

work was extended by using non semiconducting support, alumina and Fe3O4@Fe2O3 as 

active catalyst. Core-shell type Fe3O4@Fe2O3 was dispersed over nano Al2O3 support using 

aqueous medium co-precipitation method. The Fe3O4 core offers magnetic recoverability, 

while the shell Fe2O3, due to its optimal band gap, provides photocatalytic activity in the 

visible light region. The synthesized materials were studied for Cr(VI) visible light 

photoreduction. The 40% Fe3O4@Fe2O3/Al2O3 catalyst showed magnetic recoverability and 

the catalytic efficiency was stable up to 4 cycles. Along with the reported supported catalyst 

systems, a non-supported metal oxide, WO3 was also synthesized and used for the Cr(VI) 

photoreduction in visible light. A W-containing sol–gel resin is formulated and subjected to 

thermally induced free radical polymerization followed by calcination at three different 

temperatures such as 450, 650 and 850 °C. The calcination temperature has been found to be 

crucial in tuning the crystallinity and non-stoichiometry of the materials. The higher 

photocatalytic efficiency was achieved with of WO3-450. This could be attributed to the 

nano-crystalline nature, which lead to the formation of high surface area material. The 

synthesized catalysts have been explored for the efficiency of Cr(VI) photoreduction in 

aqueous medium under visible light and the results are correlated with the structural and 

electronic properties of the materials. 
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Palladium is one of the widely used precious metals towards catalysis, energy and 

environmental applications. Efficient recovery and reusability of palladium from the spent 

catalysts is not only highly desirable for sustainable industrial processing, but also for 

preventing environmental contamination. In chapter 5, we have presented a facile citrate-

mediated amine-functionalization of alumina nanopowder in aqueous medium. The amine-

functionalized sorbent is thoroughly studied for its vital palladium-sorption parameters such 

as amount of adsorbent, pH, adsorption capacity, thermodynamics, and kinetics. The 

palladium adsorption over amine-functionalized alumina nanopowder is further characterized 

with XRD, and XPS. IR analysis of palladium adsorbed over polyethyleneimine is performed 

to elucidate the mechanistic insight on the role of nitrogen in capturing palladium. The 

amine-functionalized sorbent after adsorbing palladium is studied for the catalytic reduction 

of 4-nitrophenol and Cr(VI), and hydrogen generation from ammonia borane, which 

demonstrated its excellent catalytic activity and reusability towards energy and environmental 

applications. The environmentally benign materials and all-aqueous reactions employed in 

this work demonstrate the potential of the strategy for efficient and economical industrial 

transformations and waste stream management. 

After successful achievement of supported metal oxide nanostructures and their 

catalytic performances with polymerizable sol–gel method, this approach has been extended 

to fabricate as thin films using UV-nanoimprint lithography (UV-NIL). UV-NIL is a 

promising technique for direct fabrication of functional oxide nanostructures. Since it is 

mostly carried out in aerobic conditions, the free radical polymerization during imprinting is 

retarded due to the radical scavenging ability of oxygen. Therefore, it is highly desirable to 

have an oxygen-insensitive photo-curable resin that not only alleviates the requirement of 

inert conditions but also enables patterning without making substantial changes in the 

process. In chapter 6, we presented the formulation of metal-containing resins that employ 

oxygen-insensitive thiol-ene photo-click chemistry. Allyl acetoacetate (AAAc) has been used 

as a bifunctional monomer of ene group and pentaerythritol tetrakis(3-mercaptopropionate) 

(PETMP), a four-arm thiol derivative, is used as a crosslinker as well as an active component 

in the thiol-ene photo-click chemistry. The FT-IR analyses on the metal-free and metal-

containing resin formulations revealed that the optimum ratio of alkene to thiol is 1:0.5 for an 

efficient photo-click chemistry. The thiol-ene photo-click chemistry has been successfully 

demonstrated for direct imprinting of oxides by employing TiO2 and Ta2O5 as candidate 

systems. The imprinted films of metal-containing resins were subjected to calcination to 
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obtain the corresponding patterned metal oxides. This technique can potentially be expanded 

to other oxide systems as well. This approach is further augmented with other promising 

oxygen insensitive and photocurable materials such as epoxy based resists. The second part 

of this chapter deals with the materials consisting epoxy and oxetane functional groups. TiO2 

thin films have been made using epoxy acetoacetate as monomer. The cross-linking between 

epoxy groups occurs through cationic polymerization and presence of air does not affect the 

polymerization. 

In summary, the synthesis of metal oxide micro/nanostructures using polymerizable 

sol–gel and their functionalization is described. The approach adopted for the synthesis is 

method. Since it is suitable for the fabrication of micro/nano metal oxide structures, UV-NIL 

have been employed to imprint the TiO2 thin films. In conclusion, the approaches 

demonstrated in this thesis show high potential for the synthesis and fabrication of functional 

oxide materials as solids and thin films.  

The conclusions of this work and the future scope of the present work are discussed in 

chapter 7. 
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Chapter 1: Introduction 

1.1 Introduction to metal oxide nanomaterials 

The use of the nanomaterials in different areas of daily life has become essential to resolve 

the needs and technological advances.
1
 Therefore, metal oxides are at their high demand in 

various research fields of science, due to their robustness, availability and efficiency.
2
 The 

metal oxides in bulk as well as in nano-size are predominantly taking the part to achieve the 

requirements. Particularly, the metal oxide nanomaterials are the most and commonly used 

constituents in the fields of sensors,
3
 solar cells,

4
 photocatalysis,

5,6
 storage devices,

7
 anti-

reflection coatings,
8
 optical waveguides,

9
 environmental remediation,

10
 and biological 

applications.
11,12

  Because of the nano-size, the particles may acquire different properties such 

as chemical, mechanical, optical and magnetic properties. Hence, the synthesis and 

applications related to these materials grabbed the attention of the chemical society. Ocean of 

study is being employed every year in different aspects associated to the metal oxides.  

1.2 Properties of metal oxide nanomaterials 

1.2.1 Chemical properties 

Metal oxides are known to exhibit different chemical properties like acid/base, redox 

properties. These properties make the material to participate in many organic and inorganic 

reactions. Many organic transformation reactions involve bulk and nano-sized metal oxide 

materials like CuO, ZnO and MgO as heterogeneous and homogeneous catalysts.
13,14

 The 

surface of the material plays an important role in the heterogeneous catalysis. The important 

characteristics of the surface of the catalysts are the coordination environment of surface 

atoms, redox properties and the oxidation state at surface layer. Due to redox nature of the 

materials, they can participate in electrophilic and nucleophilic reactions such as oxidation of 

hydrocarbons. The activity of the surface can also be decided by acid/base character of the 

material. This character is useful for adsorption-desorption phenomena, which is the key step 

of heterogeneous catalysis. Surface acidity and basicity can be determined using ζ-potential 

measurements. These surface properties can be improved by surface functionalization by 

deploying required functional groups, molecules or forming alloys of the nanoparticles on the 

surfaces.
15

 Hence, the metal oxides chemically take part in various oxidation, reduction, 

hydrolysis and elimination reactions either as a support or active material.
16
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1.2.2 Electronic properties 

Metal oxide materials can show ionic or mixed ionic/electronic conductivity and it has been 

experimentally well recognized that both can be influenced by the structure and geometry of 

the material. These properties vary from bulk to nano size metal oxides.
17

  The electronic 

conduction occurs through two types of hopping mechanism. Those are, n- and p-hopping 

cause by electrons and holes respectively. The number of „free‟ electrons/holes of an oxide 

can be enhanced by introducing non-stoichiometry and are balanced by the much less mobile 

oxygen/cation vacancies.
18

 The number of electronic charge carriers in a metal oxide is a 

function of the band-gap. The nanostructure of the material leads to produce confinement 

effect, which in turn affects the band gap of the metal oxide. As the particle size decreases, 

the band gap increases due to the formation of discrete electronic states,
19, 20

 whereas the bulk 

materials show overlapping of the electronic states that minimize the band gap.  Therefore, 

the electronic property and size of the metal oxides are related to each other. Thus, the metal 

oxide materials in the nano regime are significantly utilized for sensing,
21

 photovoltaic and 

photodynamic therapeutic applications.
22

 

1.2.3 Optical properties 

The interaction of the material with light leads to show different optical characters to it, such 

as absorption, reflection, refraction, transmittance, diffraction, photoluminescence and 

polarization etc.
23,24

 For nanocrystalline semiconductors, both linear (one exciton per particle) 

and nonlinear optical (multiple excitons) properties arise because of transitions between 

electron and hole discrete or quantized electronic levels. These optical properties can be 

tuned by tailoring the morphology of the metal oxide nanoparticles, and designing hybrid 

metal oxide nanoparticles for the required application.
25

 Metal oxides are good support for 

the plasmonic metallic nanoparticles to localize light into deep sub wavelength regime and 

can be applied in sensors and photo catalysis. This kind of systems is highly useful to change 

the absorption regime of the metal oxide (e.g. TiO2) from the UV to visible regime which in 

turn is highly useful for the solar cell technologies to harness maximum solar power.
26

 

Transparent nanoparticles such as indium oxide are highly useful for the transparent 

conductive electrodes, solar cells and photovoltaic devices.
27

 

1.2.4 Mechanical properties 

Mechanical properties like softness, hardness, sinterability, super plasticity and ductility can 

be showed by metal oxides. These properties are useful for the fabrication of different 
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micro/nanostructures of metal oxides. Due to such properties the metal oxide transparent thin 

films are highly useful in electronic industry.
28-30

 The addition of inorganic nanoparticles can 

enhance the mechanical properties of polymer thin films. The presence of TiO2 and SiO2 

nanoparticles in epoxy resin improved the thermal properties and etch resistance.
31

 

1.3 Synthetic procedures to prepare metal oxide micro/nanostructures 

The synthesis of the desired metal oxide nanomaterials is of paramount of importance in 

realizing the desired applications. The size, shape and performance of the metal oxide 

nanoparticles are dictated by the synthetic method by which they have been made. Numerous 

preparative methods are reported such as combustion, solid state, sol–gel, hydrothermal, 

vapor deposition (physical and chemical) and mechanochemical synthesis etc.  

1.3.1 Solution combustion synthesis 

In this method, a suitable metal precursor solution with low vapour pressure is taken and 

heated in a furnace. The precursor is considered as oxidiser and it undergoes combustion in 

presence of fuel to form condensed metal oxide. The precursors are usually metal nitrates and 

fuels include urea, glycine and hydrazides.
32

 This method is simple to operate and produces 

porous nanostructures with high surface area. Metal oxides including LaFeO3, TiO2, Fe3O4 

and Fe2O3 were prepared following this route.
33-36

  It has limitations such as production of 

huge gases and interference from the external components.  

1.3.2 Hydrothermal synthesis 

This process involves the heating of the metal precursor solution above the solvent‟s boiling 

point in a closed hydrothermal bomb. The reaction progresses in pressurized atmosphere to 

yield the corresponding metal oxide. The energy of the reaction can be supplied as direct heat 

or microwave radiation. Several reports are available for the hydrothermal synthesis of Fe2O3, 

NiO, Co3O4, CeO2, MgO, CuO, ZnO hollow spheres and NiO, Co3O4 nanoarrays.
37-39

 

Microwave assisted synthesis of ZnO, CuO and TiO2 were also reported.
33,40

 This method 

yields porous and crystalline metal oxides; nevertheless it is costly and limits by 

uncontrollable pressures inside the hydrothermal reactor.   

1.3.3 Vapour deposition 

This procedure is classified into two classes, (a) physical vapor deposition (PVD) and (b) 

chemical vapor deposition (CVD). In PVD, the material will be directly evaporated and 

coated onto the substrate. While in CVD the reactive precursors are first made into gaseous 

state to react and then the oxides are deposited on the substrate. Both of these methods are 
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suitable for thin film coating applications. Thin films of YBa2Cu3O7, TiO2, SiO2 were 

prepared through PVD
41,42

 and ZnO–TiO2, Co3O4, HfO2, MnO2 were made by CVD.
43-47

 This 

technique produces good quality of thin films on substrates, but requires high temperatures 

(>900 °C) for the evaporation of materials. 

1.3.4 Solid state decomposition 

The solid state precursors are mixed thoroughly and subjected to heating to decompose into 

the requisite metal oxide. This process is further classified into 3 types: thermal 

decomposition, microwave-assisted and photochemical decomposition. The metal precursors 

can be hydroxides, oxalates, citrates, hydroxyl carbonates and sulphates. Vast range of metal 

oxides has been synthesized like -Fe2O3, NiO, BaTiO3, Al2TiO5, Ca2FeO3 and CaCo2O4.
48-52

 

This process operates at low cost and high productivity. The difficulties associate with this 

method is non-homogeneous mixing of precursors in solid state and the agglomeration of the 

particles during decomposition. 

1.3.5 Co-precipitation synthesis 

The oxides will be precipitated from salt solutions of metal in aqueous or non-aqueous 

solvents. This is a room temperature and pH dependent process. For instance, magnetite 

(Fe3O4) can be synthesised using FeSO4 and FeCl3 as precursors in this method.
53

 Various 

other metal oxides and mixed metal oxide nanomaterials including ZrO2-CeO2, ZnO, 

MgCr2O4, MgFe2O4 and MgNiO2 are synthesized using this approach.
54, 55

 It is a simple and 

low cost method. The limitations of this process are solubility, pH and ionic strength.  

1.3.6 Sol–gel approach 

Sol–gel method is a cost-effective and most common synthetic approach among all, due to its 

simplicity and flexibility. In conventional sol–gel method, inorganic metal salts or metal 

alkoxides are used as precursors for the synthesis of corresponding metal oxides. The process 

involves two steps of reactions.
56

 First, the sol formation by hydroxylation of the precursor 

material. Later on, condensation occurs between hydroxyl moieties to form oxide network. 

The oxide network is called as gel. The gel leads to form corresponding metal oxide on 

subsequent heat treatment. Fig. 1.1 shows the representative procedure involved in the Sol–

gel approach. This approach is advantageous due to the formation of homogeneous metal 

oxides. The method involves the use of alkoxide precursors appeared to be adaptable, 

because of better control over the size and structure of the metal oxide. Several metal oxides 

have been synthesized using alkoxide-based sol–gel method.
57-59
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Figure 1.1: Schematic representation of the sol–gel process. 

Several semiconductor oxides such as TiO2, ZnO, WO3 etc. find extensive 

applications in various fields such as photocatalysis, solar energy harvesting and hydrogen 

evolution reaction. The sol–gel method has been well-studied and developed due to its 

potential to synthesize functional materials.
56

 One of the major applications of metal oxides is 

in photocatalysis. To increase the photocatalytic behaviour it is required to minimize the 

exciton electron-hole recombination. To achieve this, doping of metals like Ag, Au, W, and 

Cu etc. are used.
60

 Unlike other synthetic procedures, sol–gel method facilitates facile 

synthesis of nanocrystalline metal oxides of high purity under mild reaction conditions.
61

 For 

instance, a uniform tetragonal single crystal structured TiO2 nanowires have been fabricated 

within the pores of anodic aluminium oxide template by cathodically induced sol–gel 

method.
62

 Abbasi et al.,
63

 have synthesized CeO2 nanopowder via sol–gel by taking cerium 

nitrate as a precursor and used for the oxidation of toluene. Several reports are available on 

the synthesis of supported metal oxides through sol–gel approach. Some of these include, 

thermally stable alumina supported metal oxides such as MgO, CaO, TiO2 and Cr2O3  

prepared by using self-assembly of a metal precursor and aluminium isopropoxide in 

presence of a triblock copolymer.
64

 Palanisamy and co-workers,
65

 have synthesized 

mesoporous Fe2O3/TiO2 by sol–gel method and shown photosensitization in solar light for the 

degradation of 4-chlorophenol. Kim et al.,
66

 have synthesized several zirconia supported 

metal oxides such as ZnO–TiO2–Nd2O3/ZrO2, ZnO–Yb2O3–SiO2/ZrO2, ZnO–SiO2/ZrO2 by 

sol–gel approach. According to Sharma et al.,
67

 sol–gel synthesized TiO2-CoO supported 

Precursor suspension 

(sol) 

Gelation (Gel) 

Sintering (Metal oxide) 

Drying Aerogel/ 
Zerogel) 
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with reduced graphene oxide (RGO) has shown 98.2% photodegradation of 2-chlorophenol 

under visible light. Tang et al.,
68

 have synthesized magnetic TiO2-graphene hybrid 

photocatalyst using tetra-n-butyl titanate as precursor by sol–gel method and the catalyst has 

shown efficient removal of 2,4-dichlorophenoxy acetic acid from real waste water. TiO2 

supported Beta zeolite has been prepared by taking titanium isopropoxide as a precursor in 

sol–gel route and used for methanol conversion.
69

 

The activity of these materials is generally enhanced by band engineering, in which 

the semiconductor oxides are doped and/or dispersed over a support. The existing sol–gel 

procedure to synthesize supported or doped oxides is limited by reaction time, scalability and 

ease of doping. Therefore, an improved, general and versatile synthetic approach is required, 

which can be used to tune the material property and thereby enhance the performance. In this 

context, a new polymerizable sol–gel precursor mediated approach has recently been 

developed to fabricate metal oxide nanostructures.
70

 This method has been shown promising 

for the fabrication of various metal oxides onto substrates as thin films. This combines both 

sol–gel and acrylate-based polymerization synthetic methods (Fig. 1.2).  

 

Figure 1.2: Schematic represents the polymerizable sol–gel synthetic approach. 

In this approach, acrylate groups participate in the in situ free radical polymerization. 

TiO2 was successfully patterned by nanoimprinting lithography using this polymerizable 

titanium metacrylate precursor.
71

 Since many metal-methacrylates are highly prone to 

hydrolysis, an improvised method using metal-methacrylate acetoacetates was introduced. 

Using this approach patterning of several metal oxides (~15) have been demonstrated 

effectively by Ganesan et al.
72

 This method facilitates the homogeneous dispersion of metal 

inside a polymeric matrix through in situ polymerization of metal-containing polymerizable 

precursors. The resultant polymer is subjected to calcination to yield the corresponding metal 



 

                                                                                                                                     Chapter 1 

7 
 

oxide. This approach allows one to carry out easy doping. The photocurable metal-containing 

precursors are suitable to fabricate oxide nanopatterns by lithography. Several metal oxides 

are effectively patterned by this route including TiO2, ZrO2, HfO2, Nb2O5, Ta2O5, V2O5, 

WO3, SnO2, B2O3, In2O3 and Y2O3 etc.
73

 

This method has high potential to be extended for the fabrication of supported metal 

oxides, which can find huge applications in catalysis, photovoltaic devices, sensors etc. In 

this work several supported metal oxides have been synthesized based on this approach and 

their potential for photocatalysis have been explored. 

1.4 Characterization of metal oxides 

The materials have to be thoroughly characterized during and after the synthetic process. It is 

important to develop the synthetic procedure and to prove the formation of the desired 

material. Following are the instrumentation techniques that have been used in our work.  

1.4.1 Thermo-analytical techniques 

The processing parameters can be optimized using thermal analytical measurements such as 

differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). In DSC heat 

flow as a function of temperature can be measured to find whether the reaction is endo or 

exothermic. It also provides the information regarding melting (tm), glass transition (tg), and 

crystallization temperature etc. TGA executes the decomposition of material as a function of 

temperature. This technique shows the percentage mass loss, which is useful to optimize the 

reaction conditions like polymerization and calcination.  

1.4.2 Fourier transmission infrared spectroscopy (FT-IR) 

FT-IR is one of the efficient tools to get the chemical functional groups of the material. The 

interaction of infrared radiation with molecular bonds leads to vibrational fluctuations such as 

bending, wagging and stretching in the molecule. Different vibrational frequencies 

correspond to different functional groups can indicate the structure. The technique can 

therefore be used to monitor the changes in functional group signature peaks as a function of 

reaction progress. 

1.4.3 Raman spectroscopy 

This is a spectroscopic technique based on the Raman scattering. As the radiation interacts 

with the molecule, there are two possible scattering phenomena. One is elastic scattering, also 

known as Reyleigh scattering and the other is inelastic scattering, known as Raman 
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scattering. Raman scattering is composed of stokes and anti-stokes lines. The intensity of 

these scattered radiations can be measured and plotted against wavenumber of the radiation. 

This technique is complementary to FT-IR and is useful for the material identification. In 

addition, the characteristic vibrational modes of the crystals allow one to identify the phase of 

the material and thus the technique complements X-ray diffraction in some cases. 

1.4.4 X-ray diffraction (XRD) 

 This is another efficient tool for the characterization of the solid materials. X-ray is the 

electromagnetic radiation with the wavelength in the range 0.5-2.5Åoccupying the region 

between the gamma and extreme ultraviolet rays of the electromagnetic spectrum. The 

scattering of X-rays from the surface gives rise to constructive and destructive interference. 

When Bragg‟s law (n= 2dsin) is satisfied, the scattering results in a constructive 

interference and gives a signal at the corresponding 2values, which are used to gain the 

structural information of the crystalline materials. Thus, this technique is regularly used for 

the phase identification, phase quantification, crystallite size, cell parameter calculation, and 

for the textural studies of the crystalline materials. Scherrer formula    
  

       
  can be 

used to calculate the crystallite size, where   is full width at half maxima (FWHM) and   is 

angle of the major intense peak of the pattern. K represents shape factor which has a typical 

value of about 0.9, but it differs with the actual shape of the crystallite. 

1.4.5 X-ray photoelectron spectroscopy (XPS) 

XPS is a highly useful instrumentation tool to acquire detailed analysis of the surface at 

atomic level to understand the elemental composition. This technique was initially known as 

the Electron Spectroscopy for Chemical Analysis (ESCA), which works based on 

photoelectric effect (KE = h - BE). XPS is used to find the binding energy of the atoms 

except hydrogen and helium in the periodic table. From the binding energy values obtained 

from the surface of the material, one would be able to identify the elemental composition and 

their oxidation states. 

1.4.6 X-ray fluorescence spectroscopy (XRF) 

X-ray fluorescence is an emission phenomenon of the secondary X-rays that come from the 

element when it is bombarded with high energy radiation. Sodium to uranium can be easily 

detected from sub-ppm level to percentage level with the help of XRF. Elements with higher 

atomic number are easier for the detection as compared to the elements with lower atomic 
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number. Hence, the technique is highly useful for studying the composition of metal oxides, 

doped samples and composite materials. Doping concentration, composition of the composite 

materials can be easily calculated using this simple non-destructive technique. XRF compares 

the spectral intensity of unknown samples to the standard samples. 

1.4.7 Diffuse reflectance spectroscopy (DRS) 

The solid samples can partially absorb, transmit and scatter the incident light. The reflected 

light intensity is measured in % of reflectance against the wavelength of the radiation. This 

reflected energy is converted into a function called Kubelka-Munk function (   
      

  
). It 

is used to determine the band gap and electronic structure of the metal oxide materials. 

1.4.8 Field emission scanning electron microscopy (FE-SEM) 

The scanning electron microscopy is an important characterization technique that uses a 

focused electron beam .  In FE-SEM secondary electrons are emitted from the solid sample, 

which are collected to create an area map of the secondary emission. The technique is used to 

determine the surface morphology (texture) and chemical composition (in energy dispersive 

spectroscopy mode) of the material samples. 

1.4.9 High resolution transmission electron microscopy (HR-TEM) 

 In this technique, high energy electron beams are utilized to transmit through the sample of 

interest. Using the contrast between transmitted and untransmitted e
-
 beams, the image is 

created. This technique provides very high resolution image to the extent of 0.2 Å. One 

would be able to measure the inter-planar distance for the crystalline materials using this 

technique. 

1.4.10 Brunauer–Emmett–Teller (BET) surface area measurements 

This measurement works on the basis of physical adsorption of the gaseous molecules on the 

solids (BET theory). According to the BET theory, the gaseous molecules adsorb on the 

surface of the adsorbent as monolayer. The monolayer adsorption and desorption of the gas 

will be carried out and surface area, pore volume and pore diameter can be calculated using 

BET formula.  
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1.5 Applications of metal oxides 

Figure 1.3: Pictorial representation depicting applications of metal oxides in various 

avenues. 

1.5.1 Environmental remediation: Photocatalytic applications 

Owing to the versatile electronic and optical properties, metal oxides are considered for 

various photocatalytic applications as potential photocatalysts. Particularly, the 

semiconducting metal oxides are having eminent role in the photocatalysis of the pollutants. 

Mainly for heterogeneous photocatalysis, the materials with suitable band gap, appropriate 

morphology, high surface area, stability and reusability are considered to be the best 

catalysts.
5,74,75

 Many semiconducting metal oxides including ZnO, V2O5, TiO2, SnO2, CeO2 

and Fe2O3 have the stated properties and successfully used for the application. In general, the 

photocatalytic phenomena proceeds through light induced charge separation mechanism 

which occurs in the catalyst. The light is either UV or visible radiation depending on the 

materials‟ band gap. As an electron gets excited to the conduction band from the valence 

band, it forms an electron-hole (e
-
/h

+
) pair as shown in Fig. 1.4. The photogenerated pair can 

oxidize or reduce the substance which is adsorbed on the surface of the catalyst. Catalytic 



 

                                                                                                                                     Chapter 1 

11 
 

oxidation is assumed to continue via direct attack of adsorbed species on the catalytic surface 

by photogenerated holes (in valence band) or to be indirectly mediated by radicals, such as 

·OH, generated from adsorbed water, oxygen, and hydroxyl groups on the catalyst surface. In 

this way, hazardous organic compounds can be completely mineralized. Organic substances 

like dyes, antibiotics, biological waste can be degraded in this manner.
76-78

 While in catalytic 

reduction, the photoexcited electrons can be transferred to a species/compound to reduce it. 

cThe Cr(VI) reduction to Cr(III) is an example for such a photoreduction.
79,80

  

Figure 1.4: Schematic representation of a typical photocatalytic phenomenon. 

1.5.2 Solar cells 

Due to the increased energy demands and depleting fossil fuels, renewable energy approaches 

such as solar cells have become increasingly popular. Briefly, the solar cell is an electrical 

device that can convert the electromagnetic radiation into electric energy. This device 

contains semiconducting material and works based on photovoltaic effect. The classes of 

solar cells are organic photovoltaics (OPVs), dye-sensitized solar cells (DSSCs), quantum-dot 

solar cells (QDSCs), oxide-based solar cells (OSCs) and perovskite solar cells (PSC). Since 

many metal oxides contain excellent semiconducting properties, they have been used 

extensively in this field.
81,82
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1.5.3 Clean energy production 

Due to the limited availability of the conventional energy sources, the new generation energy boon 

is hydrogen gas. The benefits associated with hydrogen gas burning are no-harmful gas production 

and 100% energy conversion. So, the research is going in the direction of production and storage 

of hydrogen gas. Hydrogen gas can be produced from methane reforming, partial oxidation of 

hydrocarbons and coal gasification.
83

 Water splitting reaction also produces the hydrogen gas 

through electrochemical and photochemical mechanism. Methods such as hydrolysis of 

ammonia borane and sodium borohydride can also have the potential to generate hydrogen, 

since they possess properties like low molecular weight, easily transportable solid, safe and 

high gravimetric hydrogen storage. Several metal oxides such as Co3O4, Fe2O3, CuO, Cu2O, 

MoO3 and V2O5 have been used to produce hydrogen from ammonia borane hydrolysis.
84

 

1.5.4 Micro/nano-electronic devices 

Enormous applications are associated with micro/nano-electronic devices using 

nanotechnology such as memory storage, displays, optoelectronic devices, quantum 

computers, energy production, and medical diagnosis. Thus, development of materials for the 

fabrication of functional devices like transistor, capacitor, and resistor is interesting and 

challenging aspect. The use of metal oxide nanomaterials for such applications is remarkable. 

Metal oxides covering TiO2, SiO2, HfO2, LaAlO3 and SrTiO3 are found to be highly useful in 

electronic devices due to their semiconducting properties.
85

 Another important characteristic 

of this branch is the fabrication of micro/nano-electronic device. The fabrication of the 

devices through lithographic techniques is one of the simple methods which produce the 

required systems in high throughput. Several technical implementations such as nanoimprint 

lithography (NIL), electron-beam lithography (EBL), atomic force microscopy (AFM) and 

dip-pen nanolithography (DPN) are studied for the processing of materials.
86-88

 Among them, 

NIL has appeared as a possible substitute to traditional lithography techniques because of its 

simplicity, versatility, low cost, high-resolution, and potential for achieving high 

throughput.
70

 

Along with the above mentioned applications, metal oxides find several many other 

applications in sensing,
89-94

 biological
95

 and pharmaceutical fields.
96-99
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Chapter 2: Materials and characterization methods 

2.1 Materials 

Titanium (IV) isopropoxide (TIPO), titanium (IV) ethoxide, tantalum (V) ethoxide, tungsten 

(V) ethoxide, methacrylic acid (MAA), 2-(methacryloyloxy)ethyl acetoacetate (MAEAA), 

ethylene glycol dimethacrylate (EDMA), allyl acetoacetate (AAAc), pentaerythritol 

tetrakis(3-mercaptopropionate) (PETMP), 2-hydroxy-2-methylpropiophenone (HMP), 

glycidol, tert-butyl acetoacetate (t-BAA), 3-methyl-3-oxetane methanol, diphenyliodonium 

hexafluorophosphate (DPHFP), 1H,1H,2H,2H–perfluorodecyltrichlorosilane, benzoyl 

peroxide (BPO), alumina nano powder, Fe3O4, sodium citrate (SC), acetic acid, 

polyethylenimine (branched, Mw ~800), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC), and N-hydroxysuccinimide (NHS) acetone, graphite flakes, and methylene blue 

(MB), potassium dichromate (K2Cr2O7) and toluene were purchased from Sigma Aldrich and 

used as received unless otherwise specified. 

Conc. H2SO4, H3PO4, KMnO4, H2O2, HCl, ethanol, oxalic acid, ammonium oxalate, 

potassium periodate 1,5-diphenylcarbazide (DPC), iron (II) sulfate (FeSO4.7H2O), iron (III) 

chloride anhydrous (FeCl3), ammonia solution (25%), sodium borohydride, 4-nitrophenol (4-

NP) and sodium hydroxide were procured from SD Fine Chemicals, India Ltd. 

Industrial grade Zeolite-4A was generously offered by Ion Exchange Pvt. Ltd., India. 

Alumina nanopowder (AO) of ~80 nm in average size was procured from Nanoshel Inc. and 

used as-received. Palladium chloride was procured from Himedia, India. 

Polydimethylsiloxane (PDMS) stamps were fabricated from Sylgard 184 purchased 

from Sigma Aldrich. Ammonia borane (AB) was synthesized following the literature 

procedure.
1
 

2.2 Characterization 

The synthesized materials were thoroughly characterized for their chemical, structural and 

morphological characteristics. Functional group analyses and chemical changes of the 

samples were performed by making pellets with KBr and characterized with FTIR studies in 

the transmission mode by using Shimadzu (FTIR-8400S) with the resolution of 4 cm
-1

. 

Differential scanning calorimetry (DSC) (Shimadzu DSC-60) and thermogravimetric analysis 

(TGA) (Perkin-Elmer/ Shimadzu DTG-60) measurements were obtained at a scanning rate of 

10 °C/min. Diffuse reflectance spectroscopy (Varian, Cary 5000/ JASCO V-670) was 

measured to analyze the band gap of the catalysts. X-ray diffraction (XRD) patterns of the 
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powders were recorded with Bruker AXS D8 Advance/ Rigaku Ultima IV with Cu Kα 

radiation (λ = 1.5418 Å) at a scan rate of 1°/min. Raman spectroscopy (Horiba Jobin-Yvon, 

LabRAM/UniRAM 3300) studies were carried out to corroborate the XRD phase analyses. 

The Brunauer-Emmett-Teller (BET) surface area of the catalysts was determined using 

nitrogen adsorption/desorption studies with BET apparatus (Smart Sorb 93/Micromeritics 

ASAP 2020). Scanning Electron Microscope (SEM) (Hitachi S3400/Carl-Zeiss ULTRA-

55/FEI Apreo S) fitted with Energy Dispersive Spectroscopy (EDS) unit was employed to 

analyze the surface morphology and composition of the synthesized catalysts. High resolution 

transmission electron microscopy (TEM) (Jeol, JEM 2100) was used to analyze the 

dispersion of the active material over the support. X-ray photoelectron spectroscopy (XPS) 

(PHI 5000 Versa Prob II (FEI Inc.)) was used to measure the oxidation state of elements 

present in the materials. Energy dispersive X–ray fluorescence (ED-XRF) spectra were 

collected using PANalytical (Epsilon 1) to analyze the composition of the synthesized 

catalysts. Magnetic properties of the synthesized catalysts were analyzed with Lakeshore 

Vibrating sample magnetometer (VSM) model 665. The synthesized epoxy and oxetane 

monomers were characterized using Bruker Ascend (400 MHz) nuclear magnetic resonance 

(NMR) spectrophotometer. 

A UV-Vis spectrophotometer (JASCO V-650) was used to measure the concentration 

of MB and Cr(VI) solutions to follow photodegradation and photoreduction, respectively. 

Atomic absorption spectroscopy (AAS) (Shimadzu AA-7000) was used to quantify the total 

chromium and palladium content in the solution. 

Zetasizer Nano-ZS (Malvern) was employed to measure the particle size as well as 

surface zeta potential, wherein the test samples were taken in the form of 20 µg/mL aqueous 

suspensions. 

2.3 Reference 

1. Ramachandran, P. V.; Gagare, P. D., Preparation of ammonia borane in high yield and 

purity, methanolysis, and regeneration. Inorganic Chemistry 2007, 46 (19), 7810-7817. 
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Chapter 3: Polymerizable sol-gel precursor mediated synthesis of 

TiO2/zeolite-4A and RGO/TiO2/zeolite-4A, their application towards 

photodegradation of Methylene blue 

3.1. Introduction 

Owing to the enormous potential for environmental remediation, there is a persistent quest for 

the design and development of new efficient photocatalytic materials. Several 

semiconducting materials such as TiO2, BaTiO3, SrTiO3, Bi2WO6 etc. have shown significant 

photocatalytic properties.
1-9

  Among them, TiO2 is by far the most popular candidate, on 

which, numerous works have been carried out such as tuning the band gap by doping, 

supporting onto different materials etc. so as to improve its efficiency.
10-16 

Due to its optimal 

and tunable semiconducting properties, TiO2 has been used for vast range of applications 

including sensors,
17

 solar cells,
18

 photocatalysis,
19-23

 memory devices,
24

 anti-reflection 

coatings,
25

 optical waveguides
26

 and environmental remediation.
27-29

 It is considered to be a 

non-toxic material and therefore used in several bio-applications too.
30,31

 Plenty of literature 

is available as TiO2 being studied as the high-potential heterogeneous photocatalyst for 

mineralization of the environmental pollutants.
32-34

 Studies of electronic and charge–transfer 

processes occurring during the heterogeneous photocatalysis on TiO2 is well documented.
35-37

 

The heterogeneous photocatalysis generally involves formation of an electron–hole pair. 

Catalytic oxidation is assumed to proceed via direct attack of adsorbed species on the 

catalytic surface by photogenerated holes (in valence band) or to be indirectly mediated by 

radicals, such as 

OH, generated from adsorbed water, oxygen, and hydroxyl groups on the 

catalyst surface. In this way, hazardous organic compounds can be completely mineralized. 

Structurally TiO2 has mainly three polymorphs, namely anatase, rutile and brookite. Rutile is 

thermodynamically stable at room temperature, and anatase is kinetically stable. The low rate 

of electron–hole recombination over anatase TiO2 proved to be better catalyst compared to 

the rutile phase.
38

 TiO2 is a wide band gap material having a band gap in the range of ~3.2 – 

3.7 eV.
39

 This energy corresponds to <390 nm wavelength of light and thus TiO2 generates 

electron-hole pair by absorbing radiation below 390 nm. Since this wavelength lies at near 

UV region, several studies have been devoted to bring down the band gap.
40-44

 The mode of 

synthesis of TiO2 also influences the photocatalytic activity of the catalyst (i.e., band gap, 

bounded hydroxyl species, crystallinity and particle size). The anatase phase nano-TiO2 
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prepared by the solution combustion method has been reported to have better photocatalytic 

activity compared to the commercial Degussa P-25 catalyst.
45,46

 

Synthesis of TiO2 serves as a fundamental requisite to realize the potential applications 

and therefore various synthetic approaches have been explored.
47,48

 Conventionally majority 

of the TiO2 photocatalysts have been synthesized via sol-gel route.
49

 Titanium alkoxide and 

titanium tetrachloride are the most common choices of starting materials for sol-gel based 

TiO2 synthesis. Vapor phase (chemical and physical vapor deposition) synthesis of TiO2 has 

also been reported by taking titanium tetrachloride as the starting compound.
50

 Typically 

these precursors upon hydrolysis produce titanium hydroxide that upon further calcinations at 

above 400 °C generate crystalline phases of TiO2 such as anatase, rutile and brookite. For 

photocatalytic applications, it is preferred to utilize supported-TiO2 as the supports can 

synergistically participate in the photodegradation either by altering the band gap or by 

offering adsorption sites, where the pollutants are first attracted and then degraded by the 

catalyst.
51-55

 In addition, the supports disperse the active materials on its surface and thereby 

yield large surface area of the catalyst.  

In this effort, we first report a facile synthesis of zeolite-4A-supported TiO2, mediated 

by free radical polymerization of methacrylate-functionalized titanium-containing precursor. 

This route offers facile and scalable synthesis of various oxides.
56

 To the best of our 

knowledge, this is the first report using this free radical polymerizable sol-gel route to 

synthesize supported-TiO2 photocatalyst and its usage for photodegradation of dyes. We 

utilized polymerizable methacrylate-functionalized titanium-containing precursor, which was 

polymerized in the presence of zeolite-4A support by inducing free radical thermal 

polymerization. Upon further calcination, we obtained zeolite-4A-supported TiO2. Methylene 

blue was chosen as the model dye in this work, as it is one of the most common dyes used in 

industries. Industrial grade zeolite-4A was chosen for this study, as it is known that particles 

having less than 500 nm size possess higher degree of leaching into the water system and 

thereby yielding secondary contamination.
57-59

 Therefore, for practical applications it is 

desirable that the supports and/or catalysts must have particle size greater than 500 nm. The 

industrial grade zeolite-4A chosen in this study has an average size of 1 µm. Catalysts 

prepared in this work were used to study the photodegradation of methylene blue as a 

potential application. Zeolite-4A was found to enhance the adsorption of the methylene blue 

on its surface, thus enabled TiO2 to degrade the dye effectively. 



 

                                                          Chapter 3 

27 
 

To enhance the adsorption ability further, we then looked upon graphene oxide (GO) as 

a potential candidate. A plethora of literature is available on GO exhibiting remarkable 

adsorption characteristics due to the presence of a large amount of oxidized functional groups 

such as hydroxyl, aldehyde, and carboxylic.
60-65

 One of the most popular methods of 

synthesizing GO from graphite is popularly known as modified Hummer's method. Recently, 

an improved oxidizing method was re-ported by Marcano et al.
62

 In this improved method, in 

addition to KMnO4 and H2SO4, H3PO4 was used as opposed to NaNO3 that has been used in 

modified Hummer's method. This modified oxidation approach yielded highly oxidized GO 

with higher yield. The extensive oxidation is desired because the higher the functional groups 

in graphene, the higher the adsorption capability. Therefore, we choose to synthesize GO by 

this improved oxidation method in order to obtain maximum oxidation. However, the 

challenge is to anchor the GO onto TiO2 or Zeolite-4A surface. Recently, Williams et al. 

showed the synthesis of reduced-graphene oxide (RGO) from GO by photoreduction with 

TiO2.
63

 During the photoreduction process, it was demonstrated that the RGO got anchored 

onto the TiO2 surface. In this current work, we envisaged to enhance the adsorption capability 

of TiO2/zeolite-4A by incorporating RGO on its surface. Such a strategy would yield a 

bifunctional material that would possess higher adsorption ability as well as higher 

photocatalytic activity.
64,65

 Methylene blue (MB) was chosen as the model pollutant in this 

work, as it is one of the most common dyes used in industries. The synthesized 

RGO/TiO2/zeolite-4A nanocomposite was thoroughly characterized and used to study its 

efficiency for adsorption and photodegradation of methylene blue. In such a way, two 

catalytic systems TiO2/zeolite-4A and RGO/TiO2/zeolite-4A are discussed. 

3.2. TiO2/zeolite-4A 

3.2.1 Experimental section 

(i) Methods 

Titanium methacrylate was synthesized in a similar fashion reported in the literature. In a 

typical experiment, 6 mmol of methacrylic acid was added drop wise into a vial containing 3 

mmol of titanium (IV) isopropoxide stirred under an inert atmosphere. An immediate color 

change of the solution from colorless to yellow indicated the formation of methacrylate 

substituted titanium complex. About 2-wt% of BPO (with respect to MAA) in 100 µL of 

acetone was added into this titanium complex to formulate a polymerizable precursor 

solution. Calculated amount of zeolite-4A support was then added into the precursor solution 



 

                                                          Chapter 3 

28 
 

as prepared above. About 50 µL of water was added into this mixture and shaken vigorously 

in a shaker, which resulted in gelation in about 15 min (vide infra). The obtained gel was 

heated to 125 °C for 30 min to carry out free radical polymerization that yielded a powdery 

product. This powder was calcined at 450 °C for 4 hrs to obtain TiO2 supported zeolite-4A. 

By varying the Ti-methacrylate to zeolite-4A ratio, catalysts containing different weight 

fractions of supported TiO2 were prepared (see Table 3.1). 

Table 3.1: Feed compositions of precursors 

Sample Amount of TiPO 

(g) 

Amount of MAA 

(g) 

Amount of zeolite-4A 

(g) 

Unmodified TiO2 1.0 0.605 0 

10 % TiO2/zeolite-4A 0.873 0.53 2.304 

15 % TiO2/zeolite-4A  1.313 0.795 2.175 

20 % TiO2/zeolite-4A 1.91 1.16 2.0 

30 % TiO2/zeolite-4A 2.626 1.595 1.79 

 The point of zero charge (PZC) has been found from the plot of ΔpH (pHintial - pHfinal) 

vs pHintial, following batch equilibrium technique.
61,66

 For this, 100 mg of sample was soaked 

in a 50 mL of 0.1 M KNO3 solution at different initial pH (between 3 and 9) adjusted by 

addition of 0.1 M HNO3/NaOH and stirred for 24 h at 27 °C. The intersection of linear fitting 

of the points at the X-axis (pHinitial) was taken as the PZC.  

(ii) Photocatalytic evaluation 

Photodegradation studies were carried out using a cylindrical annular batch photoreactor 

fitted with a medium pressure mercury vapor lamp of 125 W. The lamp radiated 

predominantly at 365 nm (3.4 eV). The average energy of the light emitted was 3.5 eV with a 

corresponding photon flux of 5.86 × 10
-6

 mol of photons/s. The photoreactor consisted of a 

double-walled borosilicate immersion well that is placed inside the reaction vessel. Water 

was circulated around the lamp to keep the reaction at room temperature. The water 

circulation also helped stopping the IR radiation from the lamp. All degradations were 

performed in an open system with an open air circulation to provide enough oxygen for the 

oxidative degradation of pollutants.  The catalyst amount for a particular batch reaction (with 

100 mL of 10 ppm methylene blue) was varied between 25 mg and 200 mg of 20% 
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TiO2/zeolite-4A catalyst (see supporting information). Since, 50 mg of the catalyst showed 

considerable time window for photodegradation, further studies were carried out using 50 mg 

of the catalysts. During irradiation, ~1 to 2 mL of the suspension was collected in regular 

time interval and the progress of photodegradation was monitored by observing the 

disappearance of the absorption peak of methylene blue at 663.5 nm the UV-visible 

absorption spectra in a Shimadzu UV-spectrometer. 

3.2.2 Results and discussion 

(i) Materials 

The synthetic strategy of supported TiO2 catalyst entails zeolite-4A mixed with a 

polymerizable Ti-containing precursor. Scheme 3.1 depicts the pictorial representation of the 

synthetic strategy. Polymerization is induced in a homogeneously mixed precursor and the 

support so as to yield Ti-containing polymer coated onto the support. Upon calcination this 

would lead to the formation of TiO2 supported on zeolite-4A. In a first attempt, titanium 

tetramethacrylate was synthesized by adding four equivalent of methacrylic acid to one 

equivalent of titanium (IV) isopropoxide. This yielded titanium tetramethacrylate as the four 

isopropoxy groups of titanium are replaced by the methacrylate groups. As soon as the 

vigorous shaking of the added zeolite-4A support in the above formulated solution was 

ceased (vide supra), the support got settled down at the bottom of the container, leaving 

majority of the precursor solution residing on top. In order to obtain a uniform coating, it is 

required to have a homogeneous dispersion of the support in the precursor matrix. Hence, in 

the second attempt, to circumvent the precipitation of the zeolite support, dimethacrylate 

substituted Ti-containing precursor was synthesized by adding two equivalent of methacrylic 

acid to one equivalent of titanium (IV) isopropoxide. This on average is envisaged to replace 

two isopropoxy groups of titanium (IV) isopropoxide with methacrylate group, sparing the 

remaining two isopropoxy groups that are vulnerable for rapid hydrolysis. This strategy is 

employed because the remaining isopropoxy groups undergo easy hydrolysis to yield 

titanium hydroxide that would precipitate as a gel, entrapping the support, and thereby result 

in a homogeneous dispersion (vide Scheme 3.1). 
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Scheme 3.1: Synthetic strategy of TiO2/zeolite-4A catalysts via polymerizable sol-gel 

approach. 

The chemical changes during the catalyst synthesis were monitored by IR spectroscopy. 

Fig. 3.1 shows the IR spectra of the prehydrolyzed, hydrolyzed, polymerized and calcined 

sample of Ti-dimethacrylate diisopropoxide/zeolite-4A. Before hydrolysis, peaks are 

observed at 1644, 1555 and 1422 cm
-1

 that correspond to carbon-carbon double bond 

stretching of methacrylate and asymmetric and symmetric stretching of metal-complexed 

carbonyl groups, respectively. A small peak at 1699 cm
-1

 is also observed that may probably 

correspond to carbonyl stretching of free methacrylic acid. After hydrolysis, the IR spectrum 

vastly remains unchanged, except an increase in the peak area correspond to the hydroxyl 

group. This could be attributed to the formation of isopropanol that is a byproduct of 

hydrolysis as well as the presence of water. It is noteworthy that the peaks at 1555 and 1422 

cm
-1

 are preserved even after hydrolysis, which confirms that the chelation of methacrylic 

acid to the metal center remain unaffected. These peaks remain unaffected even after 

polymerization, indicating that the titanium metal is trapped in the polymer matrix that is 

uniformly coated over the zeolite-4A support. Considerable decrease in the methacrylate 

carbon-carbon double bond peak intensity at 1644 cm
-1

 is seen after the polymerization step, 

confirming the occurrence of polymerization. The small residual peak of the methacrylate 
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double bond after polymerization indicates that not all methacrylate groups have participated 

in the reaction. Despite the incomplete reaction, polymerization converts the wet gel into a 

dry powdery substance. After calcination, due to the burning off of organics, the IR spectrum 

did not contain any bands of organic functional groups. The finger print region below 1000 

cm
-1

 is crowded due to the overlapping signals from TiO2 and zeolite-4A. 

Figure 3.1: Infrared spectra of (a) prehydrolyzed precursor/zeolite-4A, (b) hydrolyzed 

precursor/zeolite-4A, (c) polymerized precursor/zeolite-4A, (d) calcined TiO2/zeolite-4A, (e) 

unmodified zeolite-4A and (f) calcined TiO2. 

Thermal analyses such as DSC and TGA were performed in order to evaluate the 

polymerization condition and thermal decomposition of precursor/zeolite-4A. Fig. 3.2 (a) 

shows the DSC scan result of 20 wt% TiO2 precursor/zeolite-4A. The DSC scan reveals an 

exothermic peak at about 125 °C, indicating the occurrence of free-radical polymerization at 

this temperature. This temperature is therefore used for all the polymerization reactions in 

this work. TGA studies of the polymerized precursor/zeolite-4A samples in air atmosphere 

are shown in Fig. 3.2 (b). Irrespective of the different feed amount of precursor, a two-step 

thermal degradation pattern was observed. The first step, up to 250 °C, is attributed to the 

loss of low volatile components such as water, isopropanol, unreacted methacrylic acid 

monomer etc. The second step mass loss between 250 and 450 °C corresponds to the 
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degradation of organics from the Ti-containing precursor polymer coated on the surface of 

zeolite-4A. An increasing weight loss was observed with increasing TiO2 loading, which is 

due to more organic content from the Ti-containing precursor. Above 450 °C, a near flat line 

was observed. Therefore, 10, 15, 20 and 30 wt% TiO2/zeolite-4A catalysts were prepared by 

calcining the polymerized samples at 450 °C. 

Figure 3.2: (a) DSC of 20% TiO2 precursor/zeolite-4A; (b) TGA of TiO2 precursor/zeolite-

4A and TiO2 precursor. 
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Figure 3.3: XRD of zeolite-4A, 10, 20 and 30 wt% TiO2/zeolite-4A, and TiO2. * and # 

indicates the anatase and rutile phases, respectively. 

XRD patterns of the unmodified zeolite-4A, TiO2 and 10, 20 and 30 % TiO2/zeolite-4A 

powders are plotted in Fig. 3.3. The supplied zeolite-4A showed highly crystalline structure. 

On the other hand the polymerizable sol-gel synthesized TiO2  peaks were broad indicating 

nano crystallinity. The pure TiO2 made by this procedure crystallized in anatase as well as 

rutile structure. The anatase to rutile ratio is roughly about 1.5:1. When 10% TiO2 was 

incorporated in zeolite-4A, the XRD pattern did not change much from that of unmodified 

zeolite-4A. There was no observable TiO2 peak in 10% TiO2/zeolite-4A catalyst, which 

signifies that the TiO2 particles could be very small in size and highly dispersed in zeolite 

surface. When the TiO2 loading was increased to 20%, there was significant peak of anatase 
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TiO2. Interestingly, with the increment in loading of TiO2, the TiO2 peaks showed higher 

crystallinity indicating bigger crystallite size.  

Figure 3.4: Composite SEM images of (a) zeolite-4A, (b) TiO2, and (c-f) 10, 15, 20 and 30 

wt% TiO2/zeolite-4A, respectively. 

SEM was employed to visualize the morphology of the samples and the images are 

shown in Fig. 3.4. The unmodified zeolite-4A was seen to have cubic shapes with the size 

ranging from 0.5 µm to 2 µm. The surface of the zeolite-4A is observed to be smooth with 

well-defined edges. On the other hand, the unmodified TiO2 was seen to have irregular 

shapes with particle size ranging from 3 µm to 20 µm. There is a clear trend seen in the SEM 

images of the catalysts with increasing amount of TiO2 from 10 wt% to 30 wt%. The 10 % 

TiO2/zeolite-4A catalyst showed distinct bright particles on the surface of the zeolite-4A. 

With increasing the TiO2 content, greater amount of bright particles were observed in the 

zeolite-4A surface. In case of 20 % TiO2/zeolite-4A, the zeolite-4A support was seen to have 

slightly smoothened edges, which was more pronounced in case of 30 % TiO2/zeolite-4A. 

This confirms that most of the TiO2 were anchored onto the zeolite-4A surface. The TiO2 

particle sizes in the supported catalyst were in the range of 50-300 nm. A few larger particles 

were also seen, particularly so in 20 % and 30 % TiO2/zeolite-4A, which may be fused ‘TiO2-

zeolite’ particles along with a small amount of unanchored TiO2 particles. A qualitative 

energy dispersive spectroscopic (EDS) analysis confirmed the presence as well as a clear 

trend of increase in TiO2 content with increasing the feed ratio of Ti-precursor (Fig 3.5). The 

successful anchoring of TiO2 on zeolite-4A confirmed by SEM also shows the potential of 
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the polymerizable sol-gel route for easy fabrication of doped as well as multicomponent 

oxides on various supports.
13,67-70

 

Figure 3.5: Composite EDS images of (a) zeolite-4A, (b) TiO2, and (c-f) 10, 15, 20 and 30 

wt% TiO2/zeolite-4A, respectively.  

Table 3.2: Surface area analysis 

Sample Specific Surface area (m
2
/g)* 

Pristine zeolite-4A 1.24 

Pristine TiO2 38.48 

10 % TiO2/zeolite-4A 11.48 

15 % TiO2/zeolite-4A 14.98 

20 % TiO2/zeolite-4A 21.35 

30 % TiO2/zeolite-4A 24.33 

20 % TiO2/zeolite-4A – Physical blend 8.56 

* Determined from nitrogen adsorption isotherms (BET method) with 98 % confidence level. 

Surface area measurements were carried out by using Brunauer–Emmett–Teller (BET) 

method and the results are listed in Table 3.2. The surface area of unmodified zeolite-4A was 

found to be 1.24 m
2
/g and that of unmodified TiO2 was found to be 38.48 m

2
/g. For 

comparison, a physical blend of sol-gel synthesized TiO2 and zeolite-4A was prepared. In 

case of the catalysts, the surface area was found to be increasing with increase in TiO2 

content. The physical blend of 20 % TiO2 and 80 % zeolite-4A was found to have the surface 
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area of 8.56 m
2
/g, which is in good agreement with the additive value of the respective 

unmodified components’ surface area. Interestingly, the 20 % TiO2/zeolite-4A catalyst 

showed a surface area of 21.35 m
2
/g (~2.5 times than the physical blend). Such an increase in 

surface area may be attributed to the reason that the TiO2 nanoparticles are highly dispersed 

and anchored onto the zeolite-4A surface. Since the pore diameter of the zeolite-4A (0.4 nm) 

is much smaller, the TiO2 nanoparticles cannot be encapsulated in the cages or channels of 

the zeolite-4A. Thus, it is largely presumed that the TiO2 nanoparticles are supported onto the 

zeolite-4A surface. 

Figure 3.6: Plot of (Kubelka Munk factor (K)*Energy)
1/2

 vs Energy obtained from diffuse 

reflectance spectra of the catalysts. 

Direct band gap of the catalysts were obtained from the Kubelka Munk function. The 

Kubelka Munk factor (K) was calculated by using    (   )    , where R is the % 

reflectance. In the (K × energy)
1/2

 vs energy plot, intersection of the extrapolated linear 

portion of the curve with the energy axis yields the direct band gap of the material. In Fig. 

3.6, (K × energy)
1/2

 was plotted against energy to obtain the band gap from the diffuse 

reflectance spectra for the 10, 15, 20 and 30 wt% TiO2/zeolite-4A powders.
71

 The 10% 

TiO2/zeolite-4A had a band gap of around 3.81 eV, which went down with the increment of 

TiO2 loading in zeolite-4A. The 15, 20 and 30 % TiO2/zeolite-4A had the band gap of 3.75, 

3.72 and 3.66 eV, respectively. The powder XRD and the electron microscopy showed that 
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with lower loading of TiO2 in zeolite-4A the crystallite sizes of TiO2 became smaller. The 

change in crystallite size with TiO2 loading could be nicely corroborated with the band gap 

obtained from diffuse reflectance spectra. The increasing band gap with decreasing TiO2 

loading (vis a vis smaller crystallites) could be attributed to the quantum confinement.  

The PZC of unmodified zeolite-4A, as-synthesized TiO2, as-synthesized 20 wt% 

TiO2/zeolite-4A catalyst and used-catalyst (pre-treated for overnight at pH 5.0) is found to be 

5.6, 5.5, 7.5 and 6.4, respectively. The PZC of TiO2 synthesized by our method (5.5) is found 

to be in the same range to that of TiO2 synthesized by other methods.
72

 A little decrease in 

PZC of used-catalyst compared to the as-synthesized catalyst was observed. This could be 

due to the overnight pre-treatment of the as-synthesized catalyst at acidic pH that could have 

altered the surface charge.
73

 

(ii) Catalytic degradation 

Figure 3.7: Comparison of the catalytic performance of methylene blue degradation with 50 

mg of as-prepared and acid pre-treated 20 % TiO2/zeolite-4A. 

Photodegradation efficiency of the synthesized catalysts were studied by choosing 

methylene blue as a model dye, as this is widely used in industries and known to contaminate 

the environment. Moreover, methylene blue has been chosen as a model dye for 

photodegradation studies with numerous catalysts and thus serves as a reference compound.   

0 20 40 60 80 100 120
0.0

0.2

0.4

0.6

0.8

1.0

 

 

C
/C

0

Time (min)

 20% TiO
2
/zeolite-4A

 20% TiO
2
/zeolite-4A(pre-treated at pH 5.0)



 

                                                          Chapter 3 

38 
 

It is known from the literature that methylene blue due to its cationic nature adsorbs well onto 

basic substrates and therefore the optimum pH for its photodegradation is in the range of 8 to 

9.
74

 To corroborate this adsorption phenomenon, we pretreated our as-prepared 20% 

TiO2/zeolite-4A catalyst with pH 5.0 for overnight to make the surface acidic. This affected 

the adsorption of methylene blue as evidenced from Fig 2.7.
53,75

 Though there is no 

significant difference in catalytic performances, however, the initial adsorption of methylene 

blue is quite different on both the surfaces. This could be attributed to the acidic surface of 

zeolite-4A on which the adsorption of cationic dye is poor. 

In our study, for a comparison, we carried out photodegradation studies at two different 

pH values, namely pH 8.5 and pH 6.0. Fig. 3.8 (a) shows the photocatalytic degradation of 

methylene blue with 50 mg of 20% TiO2/zeolite-4A catalyst at pH 8.5 and Fig. 3.8 (b) shows 

the same with pH 6. Interestingly, the UV absorbance graphs of photodegradation at these 

two different pH values looked distinctly different. For the degradation at pH = 8.5, the main 

peak of methylene blue at 663.5 nm gradually decreased with time along with a significant 

blue shift of the peak. The other major peak of methylene blue at 292 nm initially decreased 

however after 30 minutes of degradation, absorbance pattern changed completely. On the 

other hand when the photocatalytic degradation was carried out at pH = 6; there was no peak 

shift of the two major peaks of methylene blue. It may be due to the reason that the 

degradation pathway could be different at acidic and basic conditions, which is not addressed 

in the existing literature to the best of our knowledge. Since the scope of the current work is 

not to explore the mechanism, further mechanistic investigation was not carried out.  
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Figure 3.8: UV-Vis absorbance spectra of methylene blue as a function of degradation time 

with 20% TiO2/zeolite-4A at (a) pH = 8.5 and (b) pH = 6. 

The kinetics of degradation of the dye in acidic and basic medium was also different. 

Fig. 3.9 shows the degradation of methylene blue with time in acidic and basic medium with 

20 % TiO2/zeolite-4A. The photoabatement rate of methylene blue in basic pH was faster 

than that in acidic pH. Further studies were carried out to optimize rate of photodegradation 

with TiO2 loading. In basic medium with initial increment of TiO2 loading the degradation 

was faster; the fastest degradation was achieved in basic medium was with 20% TiO2/zeolite-
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4A catalyst. With more TiO2 loading like 30 %, however, the degradation was poorer than 

that of 20% TiO2/zeolite-4A catalyst. This could be due to relatively larger size and 

agglomerated TiO2 particles. 

Figure 3.9: Photocatalytic degradation of methylene blue with different loading of 50 mg of 

TiO2/zeolite-4A in acidic and basic medium. 

Figure 3.10: Photocatalytic degradation of methylene blue without catalyst and with 50 mg 

of TiO2/zeolite-4A (sol–gel synthesized), TiO2/zeolite-4A (physical blend) and 10 mg of 

TiO2 in basic medium (@ pH = 8.5). 
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Fig. 3.10 shows the difference in catalytic activity of the polymerizable sol–gel 

synthesized 20 % TiO2/zeolite-4A, physical blend of TiO2 with zeolite-4A and the TiO2 

powder without support. Without catalyst only up to 40% of photodegradation of methylene 

blue was achieved in 120 minutes. The synthesized catalyst outperformed the catalytic 

activity of the physical blend. Interestingly, the degradation profile of the physical blend and 

the TiO2 powder without support look similar. On the other hand, the completely different 

degradation profile observed with the polymerizable sol–gel synthesized 20 % TiO2/zeolite-

4A indicates a clear difference in surface morphology of the synthesized one from the 

physical blend. The high performance of the synthesized catalysts is attributed to the highly 

dispersed active site-support interaction. The recyclability of the catalyst was further 

explored. After each cycle, the exhausted catalyst was regenerated by calcining the catalyst at 

400 °C for 30 minutes. The recyclability of the performance of the catalysts was carried out 

up to 5 cycles of performance, which showed a very stable behaviour (data not shown). 

3.3 RGO/TiO2/zeolite-4A 

3.3.1. Experimental section 

(i) Synthesis and characterization of materials 

In a typical GO synthesis process, a 1:6 (wt. ratio) mixture of graphite flakes and KMnO4 was 

slowly added to a 9:1 mixture of concentrated H2SO4/H3PO4. The reaction mixture was 

heated to 55 °C and stirred continuously for 12 h in a water bath. The reaction mixture was 

cooled down to room temperature and poured into an ice water bath containing 30% H2O2. 

The final suspension was centrifuged and washed with excess of water, 30% HCl solution 

and ethanol, sequentially. The obtained powder after washing was dried at 60 °C for 48 h. 

TiO2 and TiO2/Zeolite-4A were synthesized by following our previously reported 

procedure.
76

 Photoreduction of GO was done as in a similar fashion reported by Williams et 

al.
63

 About 10 wt.% (with respect to TiO2) of GO was added to TiO2 and TiO2/zeolite-4A in 

isopropyl alcohol (IPA) and stirred well. The obtained suspensions were irradiated with UV 

light (125 W Hg vapor lamp) under continuous bubbling of nitrogen gas for 60 min. The 

resultant RGO-anchored TiO2 (RGO/TiO2) and RGO/TiO2/zeolite-4A were centrifuged, 

collected, and dried at 60 °C. 
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(ii) Adsorption and catalysis 

The batch adsorption studies were carried out with various photo-catalytic materials like 

TiO2, zeolite 4A, RGO/TiO2, TiO2/zeolite-4A, and RGO/TiO2/zeolite-4A without the 

presence of any light source. For each adsorption study, the TiO2 content was kept constant at 

20 mg and 100 mL of 25 ppm aqueous MB solution was used. To follow the adsorption 

kinetics, investigations were carried out with 30 mg of RGO/TiO2/zeolite-4A material in 30 

mL of different concentrations of MB solution (10, 25, 40, 60 and 80 ppm) in the dark. The 

solutions were stirred to be equilibrated and 1 mL of aliquot was drawn out from each stock 

solution at different time intervals to measure the equilibrium concentration of MB. The 

amount of MB adsorbed on RGO/TiO2/zeolite-4A (mg/g) at equilibrium (qe) was calculated 

by using the following equation: qe = 
(     ) 

 
, where Co and Ce are the initial and final 

(equilibrium) MB concentrations (mg/L), V is the amount of solvent (L) and W is the weight 

of adsorbent (g) taken. The degradation studies of MB by various photocatalytic materials 

under irradiation of UV light were carried out in a photoreactor fitted with a 125 W mercury 

vapor lamp having maximum intensity at 365 nm. The reaction vessel was fitted with a 

double walled borosilicate immersion well with water circulation to carry out the reaction at 

room temperature and also to prevent IR radiation. All the photodegradation experiments 

were done under aerobic condition. In a typical photodegradation study, 100 mL of 25 ppm 

aqueous MB solution was added with 20 mg of TiO2 (in the case of Zeolite-containing 

catalysts it is 100 mg) at a pH of ~8.5. During the photocatalysis, 1 mL of the suspension was 

withdrawn at regular time intervals and centrifuged to remove the catalyst and the 

supernatant solution was used to measure the absorbance. 

2.4.2. Results and discussion 

(i) Materials 

Fig. 2.11 shows the XRD profile of GO, TiO2, 20% TiO2/zeolite-4A, 10% RGO/TiO2 and 

10% RGO–20% TiO2/zeolite-4A. The XRD profile of GO in Fig. 3.11 indicates the high 

crystallinity of the material. The sharp peak at 2θ = 10.4° corresponds to the interplanar 

spacing of ~ 7.5 Å between the (002) planes. The interplanar spacing of the materials is 

proportion-al to the degree of oxidation due the presence of oxygen functionalities. The 

significant interplanar spacing of GO synthesized by the improved oxidation method 

indicates the extent of high oxidation of graphite flakes. The peak at 2θ = 42.2° could be due 

to the turbostratic band of the disordered carbon materials. The TiO2 synthesized by the 
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polymerizable sol–gel route crystallized in anatase as well as in rutile phase. The significant 

TiO2 peaks appeared in the profile at 2θ = 25.3° (for anatase) and at 27.6° (for rutile). The 

anatase to rutile ratio is roughly about 1.5:1. When GO was photoreduced by TiO2, an RGO/ 

TiO2 nanocomposite was formed. The XRD profile of RGO/TiO2 shows that the 

characteristic first peak of GO (originally at 2θ = 10.4°) is lowered slightly in intensity and 

also shifted to 2θ = 12.1°. This indicates that the photoreduction was able to partially reduce 

the oxygen functionalities of GO, thus lowering the interplanar spacing. Also, broadening of 

the 12.1° peak indicates lower crystallinity of the RGO. TiO2 anchored with Zeolite-4A 

shows highly crystalline zeolite-4A peaks. The presence of anatase TiO2 is observed at 2θ = 

25.3°, however the rutile phase was obscured. The XRD profile of RGO/TiO2/zeolite-4A in 

Fig. 2.11 also showed the existence of the anatase TiO2 phase. The RGO was only 2% of 

zeolite-4A in RGO/TiO2/zeolite-4A, therefore no significant RGO peak was observed.  

Figure 3.11: XRD profile of GO, TiO2, 20% TiO2/zeolite-4A, 10% RGO/TiO2 and 10% 

RGO/20% TiO2/zeolite-4A. 
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Figure 3.12: FTIR spectra of pristine graphite, GO, TiO2 and 10% RGO/TiO2. 

The FTIR spectra of pristine graphite, GO, TiO2 and RGO/TiO2 are shown in 3.12. It 

can be clearly seen from the spectra that the pristine graphite exhibits feeble peaks below 

1700 cm
−1

, indicating the absence of any oxidized carbon. After oxidation, GO exhibits 

characteristic stretching peaks of carbonyl group at ~1725 cm
−1

, carbon–carbon double bond 

at ~ 1670 cm
−1

 and hydroxyl group at ~ 3400 cm
−1

. On the other hand, the stretching 

frequencies of TiO2 are concentrated only in the finger print region and appeared as a broad 

peak. The RGO/TiO2 showed a spectrum that contained both the characteristic stretching 

frequencies of TiO2 as well as GO. It is noteworthy that the RGO/TiO2 showed a small 

shoulder at ~1725 cm
−1

, which confirms that the GO is not fully reduced and hence retaining 

most of the oxidized species. To corroborate this observation, we further performed Raman 

spectroscopy investigations (Fig. 3.13). It is well known that the G band of graphite was 

observed at around 1580 cm
−1

 in Raman spectroscopy. This band corresponds to the ordered 

graphitic domain of sp
2
 hybridized carbon. In the case of GO, in addition to this G band, a 
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characteristic D band peak at 1350 cm
−1

 was observed that corresponds to the disordered 

(oxidized) domain of graphene sheet.
55

 The ratio of intensity of D band to G band (ID/IG) 

indicates the extent of oxidation in the graphene sheet. In our case, the ID/IG of GO 

synthesized by the improved oxidation method was observed to be 0.94. The ID/IG of 10 wt.% 

RGO/TiO2 was observed to be 0.87, which clearly indicates the partial decrease in the 

disordered domain and enhancement in the ordered domain. This additionally confirms that 

the reduction of graphene oxide was moderate and therefore a good amount of carbon 

remains oxidized. 

Figure 3.13: Raman Spectra of GO and 10% RGO/TiO2. 

To quantify the amount of RGO anchored onto TiO2, thermogravimetric analysis 

(TGA) was performed on 10 wt.% RGO/TiO2 under nitrogen atmosphere (Fig. 3.14). Pristine 

TiO2 served as a control in the analysis. The pristine TiO2 showed a mass loss of ~ 1 wt.% in 

the temperature range of 150 to 550 °C, which may be attributed to the presence of residual 

carbon. On the other hand, 10 wt.%-RGO/TiO2 showed a mass loss corresponding to ~ 7.5 

wt.% in the temperature range between 200 and 500 °C, beyond which the mass was stable, 

indicating that no further mass loss has occurred beyond this temperature. This has proved 

that the major portion of the feed GO got anchored onto TiO2. Therefore, this method of 
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anchoring of GO onto TiO2 was extrapolated to synthesize 10 wt.% RGO/TiO2/zeolite-4A, 

which was further used for adsorption and degradation of MB.  

Figure 3.14: TGA of TiO2 and 10% RGO/TiO2. 

Figure 3.15: SEM images of (a) TiO2, (b) 10%RGO/TiO2, (c) 20% TiO2/zeolite-4A and (d) 

10% RGO/20% TiO2/zeolite-4A. 
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These results successfully demonstrate the partial reduction of GO and its subsequent 

anchoring onto TiO2. SEM was employed to visualize the synthesized materials before and 

after partial reduction of GO on TiO2 and TiO2/zeolite-4A (Fig. 3.15). Pristine TiO2 was 

found to be crystal-line having irregular shapes, with the size ranging from 2–20 μm. Also, 

the size distribution was found to be huge. On the other hand, TiO2/zeolite-4A was found to 

possess finely dispersed TiO2 micro/nanoparticles on 500 nm–2 μm size cubic-shaped 

zeolite-4A support. In this case, the size distribution was found to be narrower than that of 

pristine TiO2. After anchoring of RGO on these materials, the SEM of the resultant products 

looked similar. This shows that the photoreduction step did not affect TiO2 and TiO2/zeolite-

4A during the anchoring of GO.  

Surface area measurements were additionally carried out by using the Brunauer–

Emmett–Teller (BET) method and the results are presented in Table 3.3. In line with our 

previous report, the surface area of zeolite-4A and pristine TiO2 was found to be 1.2 and 36.3 

m
2
/g, respectively. The TiO2/zeolite-4A obtained by the polymerizable sol–gel route 

possessed a surface area of 20.8 m
2
/g. When partially reduced GO was introduced onto TiO2 

and TiO2/zeolite-4A, the surface areas were found to be 30.3 and 19.8 m
2
/g. Thus, the 

introduction of RGO onto the catalytic materials did not result in significant changes in 

surface area.  

Table 3.3: Surface area of synthesized materials. 

Sample Specific Surface area (m
2
/g)* 

zeolite-4A 1.2 

Pristine TiO2 36.3 

20 % TiO2/zeolite-4A 20.8 

10% RGO/TiO2 30.3 

10% RGO/20% TiO2/zeolite-4A 19.8 

* Determined from nitrogen adsorption isotherms (BET method) with 95 % confidence level. 

Several works have been reported, in which TiO2 has been doped with graphene or 

RGO in order to tune the electronic properties so as to improve the photocatalytic activity of 

the TiO2 catalyst.
54,55,71,77-81

 To investigate this, the direct band gap of the catalyst materials 

was calcu-lated from plotting the Kubelka Munk function against energy in Fig. 3.16. The 
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Kubelka Munk factor (K) was calculated by using K = (1 − R)
2
/2R, where R is the % 

reflectance. In the plot, the intersection of the extrapo-lated linear portion of the curve with 

the energy axis yields the direct band gap of the material. The as-synthesized TiO2 showed a 

band gap of 3.28 eV, which was reduced a little to 3.23 eV when RGO was incor-porated 

onto it. The RGO has a very little role in tuning the band gap of the material. When TiO2 was 

dispersed on Zeolite-4A, the band gap was higher (3.7 eV) than that of pristine TiO2. The 

same trend was also observed in our previous report.
76

 The particle sizes become smaller due 

to dispersion on the support and the subsequent increase in band gap was attributed to the 

quantum confinement. When RGO was incorporated in the TiO2/zeolite-4A, there was no 

change in the band gap of the material (Eg of RGO/TiO2/zeolite-4A = 3.7 eV). This was not 

surprising as the RGO got anchored only onto the surface and therefore the crystal structure 

of TiO2 was not altered.  

Figure 3.16: Solid state UV-Vis of TiO2, 10%RGO/TiO2, 20% TiO2/zeolite-4A and 10% 

RGO/20% TiO2/zeolite-4A. 

(ii) Adsorption and catalytic degradation 

Batch adsorption studies were carried out with 25 ppm of MB at pH 8.5 over different 

materials, like pure TiO2, zeolite 4A, RGO/TiO2, TiO2/zeolite-4A, and RGO/TiO2/zeolite-4A 
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in the dark for 2 h of duration (Fig. 3.17). The pure TiO2 as well as the pure zeolite-4A both 

showed a very poor adsorption capability (~10%). However, when RGO was anchored onto 

TiO2 or TiO2 was dispersed on zeolite-4A, in both cases the MB ad-sorption increased up to 

30%. When RGO/TiO2/zeolite-4A was used for adsorption in the specified condition, in less 

than 20 min the equilibrium was attained and the adsorption showed the highest value of 

around 80%. Since the RGO incorporation onto the catalysts did not result in significant 

changes in the surface area as indicated by the BET measurements, the profound 

enhancement in adsorption onto the bi-functional catalysts could be due to the presence of 

chemical functionalities in the RGO. 

Figure 3.17: Adsorption of aqueous MB solution over TiO2, 10% RGO/TiO2, 10% 

RGO/20% TiO2/zeolite-4A, 20% TiO2/zeolite-4A and zeolite-4A against time. 

Therefore, further detailed investigations were carried out with RGO/TiO2/zeolite-4A for MB 

adsorption. Fig. 3.18 shows the ad-sorption of MB against time with various initial 

concentrations of MB. The Langmuir isotherm fits nicely with the experimental observation 

indicating that the MB could get adsorbed onto RGO/TiO2/zeolite-4A ac-cording to the 

Langmuir isotherm model (Fig. 3.19). The kinetics were analyzed through the pseudo first, 

and pseudo second order rate equations. The value of regression coefficient (R
2
) for the 

pseudo first order adsorption model was almost unity (Fig. 3.20). Hence, the pseudo first 
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order kinetic model is more suitable to describe the kinetic behaviour of MB adsorption onto 

RGO/TiO2/zeolite-4A surface.  

Figure 3.18: Adsorption of different concentration of MB over 10% RGO/20% TiO2/zeolite-

4A against time. 

Figure 3.19: Langmuir isotherm model of MB adsorption over 10% RGO/20% TiO2/zeolite-

4A. 
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Figure 3.20: Kinetic plot obtained from the pseudo first-order equation for MB adsorption on 

to 10% RGO/20% TiO2/zeolite-4A.  

Figure 3.21: Photocatalytic degradation of MB with TiO2, 10% RGO/TiO2, 20% 

TiO2/zeolite-4A and 10% RGO/20% TiO2/zeolite-4A. 
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Photocatalytic degradation of MB over various catalysts was studied and plotted in Fig. 

3.21. The catalytic reaction was carried out for 2 h of duration. The as-synthesized pure TiO2 

showed the poorest activity among the lot. Only, 20% of MB was catalytically degraded with 

pristine TiO2. One should note that the adsorption capability of pure TiO2 was also very poor 

(see Fig. 3.17). MB adsorption was increased significantly with RGO/TiO2 and TiO2/zeolite-

4A, and that trend reflects the catalytic degradation activity also. After 2 h of UV light 

irradiation, ~40% of MB was degraded with RGO/TiO2 and TiO2/zeolite-4A. The zeolite-4A 

or RGO helps in adsorbing the MB better, and this provides more contact time for the active 

sites of TiO2 to catalytically react with the pollutant.  

2.4 Conclusions 

TiO2 supported zeolite-4A was successfully synthesized by customized polymerizable sol-gel 

method. The hydrolysis of the precursor blend of Ti-dimethacrylate diisopropoxide and the 

industrial grade zeolite-4A under vigorous shaking produced a homogeneously mixed 

polymerizable gel in the zeolite matrix. Upon inducing the free radical polymerization at 

125°C, this gel produced a polymer coating on the top of the support. Further calcination at 

450 °C for 4 hours yielded highly dispersed TiO2 anchored on the zeolite-4A. Diffuse 

reflectance spectroscopy revealed a clear trend in decreasing the band gap from 3.81 to 3.66 

eV when TiO2 content in the matrix was increased from 10 to 30 wt% indicating the nano 

crystallinity of TiO2 particle. Surface area measurement disclosed an enhancement of surface 

area by ~2.5 times for the customized sol-gel synthesized 20 % TiO2/zeolite-4A than that of 

the physical blend of 20 % TiO2 and zeolite-4A. The photocatalytic activities of the catalysts 

were studied by measuring the photodegradation of methylene blue. The catalysts showed pH 

dependence, and the rate was faster in alkaline medium. The polymerizable sol-gel 

synthesized catalyst was found to have superior catalytic activity to the physical blend of 

TiO2 and zeolite-4A. To improve the adsorption capacity of the catalyst, GO was anchored on 

to TiO2 and zeolite-4A. This investigation deals in detail with the synthesis of GO by an 

improved oxidation method from graphite flakes, and pure TiO2 by the polymerizable sol–gel 

route. The GO was partially photoreduced in alcoholic medium in the presence of TiO2 and in 

the process; the RGO was anchored onto the TiO2 surface. The RGO/TiO2 was dispersed on 

zeolite-4A for better adsorption efficiency. The partial reduction of GO to RGO over TiO2 

was evidenced from XRD, FT-IR and Raman spectroscopy. TGA confirmed that ~75% of the 

feed GO got anchored onto TiO2. No significant band gap alteration was found from diffuse 

reflectance spectroscopy study on the RGO anchored materials. The adsorption of methylene 
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blue over RGO/TiO2/zeolite-4A was found to be following the Langmuir isotherm model. 

The adsorption kinetics was fitted well with the pseudo first order kinetic model. The high 

adsorption as well as photocatalytic degradation efficiency of RGO/TiO2/zeolite-4A towards 

MB paves the way for new advanced bifunctional materials for environmental applications. 
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Chapter 4: Synthesis of TiO2/Fe3O4, Fe3O4@Fe2O3/Al2O3, WO3 and their 

photocatalytic applications towards Cr(VI) reduction 

4.1 Introduction 

In the backdrop of increasing environmental concern, water treatment has been considered as 

one of the frontier research areas.
1-3

 Water is mainly contaminated by the presence of various 

matters like dyes, active pharmaceutical ingredients, organic industrial effluents, and also 

heavy metals.
4-6

 Photocatalytic removal of organics and heavy metals is a promising 

approach as it offers several advantages.
7,8

 Some of them include easy recoverability of the 

photocatalyst, room temperature process and efficient energy management. For heavy metals, 

the hazardous metal ions are either reduced or oxidized and converted into non-hazardous 

species. One such example is chromium, whose most stable oxidation states are reported to 

be VI and III. Cr(VI), which is a thermodynamically stable state of chromium.
9
 Chromium is 

widely used in several industrial processes such as metal plating, leather tanning, mining, 

paint making and others.
10, 11

 The untreated industrial effluents contains Cr(VI), which is 

potentially carcinogenic and also may cause pulmonary congestions, and liver damage.
12,13

 It 

possesses acute toxicity as carcinogen and mutagen to the living being.
14

 It is also reported 

that Cr(VI) can easily penetrate the placenta and affect the fetus.
15,16

 Because of its high 

noxious nature, Cr(VI) has been designated as one of the most ‘priority pollutants’ to be 

removed, and WHO has recommended the permissible limit of Cr(VI) in drinking water as 

0.05 ppm.
17,18

 On the contrary, Cr(III) is environmentally benign and also a necessary trace 

element for human health by regulating the insulin function.
9,19,20

 Photocatalytic reduction of 

Cr(VI) to Cr(III), is therefore an attractive strategy as it converts highly hazardous Cr(VI) 

into an essential and non-harmful species.
20-22

  

 Therefore, reducing Cr(VI) to Cr(III) is considered to be an important and 

environmentally coveted process. Among various methods of chemically reducing Cr(VI), 

the photocatalytic reduction with semiconducting materials is recently regarded as an 

attractive technology because of its low cost, high efficiency, no production of secondary 

pollutants and non-usage of any harsh reducing agents. Various semiconducting catalysts 

such as TiO2, WO3, ZnO, ZnS, CdS, ZnIn2S4, and La2Ti2O7 have been used for Cr(VI) 

photoreduction.
23-33

 For example, He et al., reported photocatalytic reduction of Cr(VI) with 

TiO2 nanosheets.
34

 They have used the facets of surface fluorinated anatase TiO2 in aqueous 

suspension to reduce Cr(VI). The approach of anchoring an active photocatalytic material 
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like TiO2 on a support disperses the active material on its surface and thereby increases the 

active sites. As discussed earlier, the TiO2 supported zeolite-4A was synthesized in 

polymerizable sol–gel approach and demonstrated its application for dye degradation and 

nitroarenes reduction.
35-37

 Therefore, in this current work, we have extrapolated this 

polymerizable sol–gel approach to synthesize TiO2/Fe3O4 catalysts. Fe3O4 is chosen as the 

support since it is a magnetically recoverable and non-toxic material. Due to its 

biocompatibility, Fe3O4 has also been used in sensors and drug delivery. For sustainability 

and recyclability, such an easily recoverable support would be highly desirable. The recent 

trends show that a variety of functional materials has been anchored onto Fe3O4 in order to 

enhance the recyclability.
38-40

 A recent report by Yang et al., describes a three-component 

Fe3O4@rGO@TiO2 photocatalytic system, wherein, the role of Fe3O4@rGO to take up the 

photogenerated electrons in the conduction band (CB) of TiO2 is discussed.
41

 Such a 

phenomenon of electron hopping from the CB of one semiconducting material to that of 

another semiconducting material would minimize the electron-hole pair recombination, 

which could enhance the photocatalytic efficiency of the overall system.
42

 In a CdS/α-Fe2O3 

system, Zhang et al., have reported the synergistic role of heterojunctions towards the 

enhancement in photocatalytic activity.
43

 Thus, the Fe3O4 support chosen in this work is also 

aimed at enhancing the photocatalytic activity of TiO2 by minimizing the electron-hole pair 

recombination. This current work describes the synthesis and characterization of TiO2/Fe3O4 

catalysts and their application for photoreduction of Cr(VI) that is considered to be an 

important environmental issue. 

The reduction potential for Cr(VI)/Cr(III) with respect to NHE is 1.33 V. If the chosen 

catalytic material’s CB edge is above 1.33 V, the electron, which is in the CB may 

photocatalytically reduce Cr(VI) to Cr(III). However, the major impediments with respect to 

photocatalytic materials and technology are (i) UV energy requirement to excite the 

photoelectron, (ii) complexity in synthesis and the associated cost of the catalytic materials, 

(iii) lesser catalytic efficiency due to phenomenon like electron-hole recombination, and (iv) 

tedious recoverability of the catalytic materials (especially for nano-particles) and therefore 

lower recyclability. Therefore, there is a persistent quest for advanced materials, which can 

meet the above mentioned requirements. 

Recently, Fe2O3 has gained considerable attention among the researchers working in 

the field of energy and environment.
10,20,43-46

 For instance, Fe2O3 has been widely regarded as 

an efficient photoanode material for photoelectrochemical cell towards water splitting.
47,48

 In 
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addition, it has also shown the potential for visible light photodegradation of organic 

environmental pollutants. The abundance and versatility in the synthetic approaches of Fe2O3 

make the material low cost and attractive. Fe2O3 having a band gap (Eg) of ~ 2.2 eV, is 

suitable for visible light applications. The CB energy edge position of Fe2O3 is ~ - 4.8 eV 

with respect to the absolute vacuum scale or ~ 0.3 eV with respect to NHE, which is 

comfortably above the reduction potential of Cr(VI)/Cr(III).
49,50

 Therefore, Fe2O3 could be 

regarded as a material of choice for Cr(VI) photoreduction. Further, to enhance the 

photoactivity of the semiconducting material, dispersing it onto a support as well as lowering 

the particle size to the nanoscale is the lucrative options. However, the recoverability of nano-

Fe2O3 is a potential challenge that may affect the reusability of the material. This is due to the 

reason that as the diameter of the particle decreases the sedimentation velocity also decreases 

greatly. As a consequence, one requires performing centrifugation for a longer time and at 

higher rotation speed. On the other hand, magnetic recoverability of nanomaterials is getting 

increasingly popular over centrifugation approach. Magnetite (Fe3O4) is one of the most 

popular choices of materials for magnetic recoverability of various catalysts.
51-54 

In this line, 

we synthesized magnetic Fe3O4@semiconducting Fe2O3 dispersed over the high surface area 

and highly thermally stable nano Al2O3 as support and discussed in chapter 4.3. The core-

shell type of Fe3O4@Fe2O3 dispersed over Al2O3 support is referred hereafter as 

Fe3O4@Fe2O3/Al2O3. The Fe-loading was varied with respect to Al2O3 and the obtained 

materials were characterized and studied for their visible light photoreduction efficiency of 

Cr(VI) and magnetic recoverability. 

A continuous search was carried out to find some additional catalysts that can work 

under visible light. The non-toxic and chemically stable WO3 with a narrow band gap (2.7 to 

3.1 eV) and suitable position of conduction band, has been regarded as a workhorse 

photocatalyst to harvest substantial portion of the solar spectrum towards photochemical 

reactions.
55-57

 Structurally, WO3 adopts various distinct crystallographic phases like 

monoclinic (P21/n, P21/c), triclinic (P ̅), orthorhombic (Pmnb, Pbcn), and tetragonal 

(P4/nmm, P4/ncc) at different temperatures.
58-60

 It belongs to a class of materials that can 

tolerate deviations from stoichiometry by adjustment of oxygen octahedral using shear 

mechanisms. The corner sharing WO6 octahedron shears into edge sharing one without 

formation of oxygen vacancies, which leads to interesting electronic properties.
61-66

 Due to 

these properties, WO3 finds extensive applications in gas sensors, photochromic, 
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gasochromic and electrochromic devices.
67-70

 It is also considered to be a promising anode 

material for oxygen evolution reaction in the photoelectrochemical water splitting.
71-73

 

The surface morphologies as well as electronic properties vary due to different 

crystallographic structures, which in turn are governed by the synthetic approaches.
74

 Various 

synthetic strategies such as precipitation, sol–gel, solution-combustion, hydrothermal method 

etc. have been employed to produce WO3.
75-84

  Several review articles describe the advances 

in the synthesis and applications of WO3.
85,86

 Lu et al., utilized colloidal tungstenic oxide 

blended with polyvinylpyrrolidone to obtain electrospun nanowires that were converted to 

WO3 nanowires through calcination.
87

 Wang et al., synthesized WO3 nanorods through 

surfactant-free hydrothermal method and studied their electrochromic behavior.
88

 Houx et al., 

demonstrated the effect of heating rate on the nanoparticles’ size through solvothermal 

synthesis in microwave and resistive heating.
89

 Meng et al., followed gas evaporative 

technique, in which a tungsten filament was subjected to resistive heating under oxygen 

atmosphere at low pressure to obtain WO3 particles from nanosize to micron-size that were 

studied for NO2 gas sensing.
90

 They found that the WO3 particles exhibiting nanocrystalline 

morphology was possessing the highest sensitivity towards gas sensing.
90

 Zhang et al., 

reported the beneficial role of using excess of nitric acid in the hydrothermal synthesis of 

WO3 nanoplates that have shown fast response and distinct sensing selectivity for acetone 

gas.
91

 Cruz et al., utilized precipitation method to obtain WO3 particles possessing various 

surface morphologies and studied their efficacy in visible light organic dye degradation.
92

 

Ahmadi et al., reported hydrothermal synthesis of  WO3 nanoparticles using acidified sodium 

tungstate solution.
93

 Hariharan et al., synthesized nanocrystalline WO3 through polyethylene 

glycol assisted microwave synthesis and demonstrated its utility towards electrochemical 

biosensing.
94

 Considerable attention has also been given to tune the electronic properties of 

WO3 through doping with various metals such Pt, Hf, Cu, Pd etc
78,95-98 

as well as creating 

heterojunctions with other semiconductors such as TiO2, ZnO, AgBr etc.
99-101

 

As discussed earlier the polymerizable sol–gel (PSG) approach has been demonstrated 

for its capability in synthesizing supported catalysts and creating heterojunctions.
35,37,102

 

Little known with WO3 for fabricating thin films through this approach. Here, we augment 

the potential of the PSG approach to synthesize WO3 powders for the first time, which 

reserves the potential of bulk scale production of supported oxides.
35,37

 In this work, the 

chemical changes, calcination temperature, structural evolution and surface morphology of 

WO3 powders obtained through this approach have been explored. By tuning the calcination 
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temperature, we show the formation of WO3 possessing a wide range of crystallinity and non-

stoichiometry. The synthesized WO3 materials have been utilized to study the photoreduction 

of a model priority pollutant Cr(VI) under visible light.
103

 The photoreduction efficiency of 

Cr(VI) has been explored here against the crystallinity and non-stoichiometry of the PSG 

synthesized WO3. 

4.2 TiO2/Fe3O4 

4.2.1 Methods 

(i) Synthesis of TiO2 and TiO2/Fe3O4 catalysts 

TiO2 supported Fe3O4 catalysts were synthesized by acrylate–based polymerizable sol–gel 

approach, analogous to our previous report.
35

 Briefly, a polymerizable Ti-methacrylate 

complex was obtained by dropwise addition of MAA (2 eqvt.) to neat TiPO (1 eqvt.) that was 

kept stirring under inert atmosphere. Instantaneous yellow coloration was observed upon 

addition of MAA, indicating the formation of titanium dimethacrylate diisopropoxide 

complex. To formulate the polymerizable precursor solution, a 2 wt% of BPO (w.r.to MAA) 

in 50 µL of acetone was added to the Ti-methacrylate complex. Free-radical thermal 

polymerization at 110 °C of this polymerizable precursor solution and subsequent calcination 

at 450 °C yielded pristine TiO2. To synthesize TiO2/Fe3O4 catalysts, calculated amount of 

Fe3O4 nanoparticles were added as a support material to the polymerizable precursor solution 

as prepared above. About 50 µL of water was introduced to this mixture and shaken 

vigorously until it formed a homogeneous gel, inside which the Fe3O4 support was 

homogeneously dispersed. This gel was subjected to polymerization and calcination as 

mentioned above to obtain TiO2/Fe3O4 catalysts. Depending on the loading of Ti-

methacrylate complex, catalysts containing different amount of TiO2 such as 10, 20, 30 and 

50 wt% supported onto Fe3O4 were prepared. 

(ii) Photocatalytic studies 

A cylindrical annular batch photoreactor fitted with a medium pressure mercury vapor lamp 

of 125 W was used for the photoreduction of Cr(VI). The lamp mainly had a broadband from 

250 nm to 450 nm with useful maxima at 254, 312, and 365 nm for the photocatalytic 

reactions. The lamp was surrounded with a double-walled borosilicate immersion well and 

the set up was fitted inside a reaction vessel. To prevent IR radiation and to maintain constant 

temperature, water was constantly circulated around the lamp through the double-walled 

well. For each experiment, 100 mL of 20 ppm potassium dichromate solution and 30 mg of 
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catalyst were taken in the reaction vessel. The pH of the solution was brought to 3.0 at the 

beginning of each experiment. Prior to the irradiation, the solution was incubated with the 

catalyst in dark for 15 minutes to attain adsorption-desorption equilibrium. The aliquots were 

collected at regular time intervals during the photoreduction. The samples were analysed for 

Cr(VI) by complexing with DPC and the concentration was measured at 540 nm. The overall 

rate of the reaction was calculated below 10% conversion of Cr(VI). 

4.2.2 Results and discussion 

Figure 4.1: XRD of Fe3O4, 10, 20, 30 and 50% polymerizable sol–gel synthesized 

TiO2/Fe3O4 catalysts. In 50% TiO2/Fe3O4, the anatase TiO2 (*), α-Fe2O3 (+) and Fe3O4 (#) 

phases are visible. 

The pristine TiO2 and TiO2/Fe3O4 were synthesized using the acrylate–based 

polymerizable sol–gel route as per our previous reports.
35-37

 XRD was employed to 

characterize the as-procured Fe3O4, and 10, 20, 30 and 50% TiO2 supported Fe3O4 (Fig. 4.1). 

The XRD profile of as-procured Fe3O4 corresponds to the inverse spinel phase with the space 

group Fd ̅m (JCPDS No. 82-1533). When lower (10 and 20%) amount of TiO2 is dispersed 

on Fe3O4, a prominent TiO2 phase was not visible. However, when the TiO2 loading was 

increased to 30-50%, the anatase peak of TiO2 at 2θ=25.5° was noticeable. The broad anatase 

peak indicates the formation of highly dispersed nanocrystalline TiO2 over the Fe3O4 support. 
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In all the TiO2/Fe3O4 catalysts, peaks correspond to α-Fe2O3 were observed (JCPDS No. 89-

8103, and 89-8104). Interestingly, with the increase in the TiO2 loading, the intensity of the 

2θ peaks correspond to α-Fe2O3 was also increased. We speculate that this could be due to the 

TiO2-mediated thermal oxidation of Fe3O4. Also, the synthesized TiO2/Fe3O4 catalysts were 

found to be brown in color, as opposed to the original black colored Fe3O4. Thus, we can 

conclude that TiO2 shares a heterojunction with α-Fe2O3, which is generated on the surface of 

Fe3O4 during the calcination step. 

Figure 4.2: Composite FESEM images of TiO2 (a, b), as-procured Fe3O4 (c, d), 10% 

TiO2/Fe3O4 (e, f), 20% TiO2/Fe3O4 (g, h), 30% TiO2/Fe3O4 (i, j), and 50% TiO2/Fe3O4 (k, l) 

photocatalysts. EDS analysis of 30% TiO2/Fe3O4 (n), and elemental mapping of Ti and Fe (o, 

p) from the selected area of (m). 

FE-SEM was studied to analyze the morphology of the synthesized materials and the 

corresponding images are shown in Fig. 4.2 (a-l). The pristine TiO2 was found to be having 

irregular shapes and the size of the particles was mostly in the range of 5 to 30 μm. A closer 

look at the particles revealed the polycrystalline nature of TiO2 and the crystallite domains 

were observed to be in the size range of 10 to 50 nm. The commercial Fe3O4 particles were in 

octahedral shape, having the edges in the range of 200 to 300 nm. The tiny islands found on 

the surface of Fe3O4 in Fig. 4.2 (d) are due to the sputtered Au-Pt alloy and hence the 
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TiO2/Fe3O4 catalysts were imaged without any metal sputtering to avoid this clustering. With 

increasing TiO2 loading from 10-50%, there is a clear increasing trend of TiO2 coated over 

the Fe3O4 support. At higher loadings, however, in addition to this coating, free TiO2 particles 

were also found. EDS and elemental mapping were performed on 30% TiO2/Fe3O4 to gain 

further insight on the elemental composition as well as dispersion, the results of which are 

shown in Fig. 4.2 (m-p). The EDS spectrum revealed that the Ti:Fe ratio in the catalyst 

matches closely to that of feed ratio (Fig. 4.2 (n)), while the elemental mapping analysis 

demonstrated a high dispersion of TiO2 over the Fe3O4 support (Fig. 4.2 (o, p)). 

Figure 4.3: Raman spectra of pristine TiO2, calcined Fe3O4 and 30% TiO2/Fe3O4 synthesized 

by polymerizable sol–gel approach. 

Raman spectroscopy was employed to analyze the pristine TiO2, calcined Fe3O4, and 

as-synthesized 30% TiO2/Fe3O4 (Fig. 4.3). A prominent peak at 134 cm
-1

 and weak peaks at 

382, 500, and 618 cm
-1

 were observed in case of pristine TiO2 that correspond to the Raman-

active modes of anatase phase with the symmetries of Eg, B1g, A1g, and Eg, respectively.
104

 

Two more weak bands were observed at 430 and 593 cm
-1

, that can be assigned to the Eg and 

A1g Raman-active modes of rutile phase. This is in accordance with the XRD analysis of 

pristine TiO2 that revealed the presence of both anatase as well as rutile phases. The calcined 

Fe3O4 support exhibited peaks at 215, 235, 281, 396, 483, 596, and 642 cm
-1

, which can be 
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indexed to the Fe2O3 Raman-active modes of A1g(1), Eg(1), Eg(1), Eg(1), A1g(2), Eg(1), and 

Eu, respectively.
105,106

 The 30% TiO2/Fe3O4 composite catalyst possessed both the 

characteristic peaks of TiO2 as well as Fe2O3, which is again in accordance with the XRD 

observation that TiO2 shared an effective heterojunction with Fe2O3. 

Fig. 4.4 shows the survey spectra of as-synthesized 30% TiO2/Fe3O4 and its core level 

photoelectron spectra of Ti(2p) and Fe(2p). The survey scan reveals the presence of 

constituent elements such as Ti, Fe and O.
107-109

 The Ti(2p3/2) and Ti(2p1/2) peaks were 

observed at 458.6 and 464.4 eV, respectively. This indicates the presence of Ti
4+

 in the 

catalytic material. The peaks at 710.7 and 724.3 eV were due to Fe(2p3/2) and Fe(2p1/2), 

respectively, which corresponds to Fe
3+

. The satellite peak of Fe(2p3/2) at ∼718 eV further 

confirms that the iron on the surface is predominantly Fe
3+

, which is in accordance with XRD 

and Raman analyses. 

Figure 4.4: Survey scan and core level photoelectron spectra of Fe(2p) and Ti(2p) of as-

synthesized 30% TiO2/Fe3O4 catalyst. 

(K*E)
1/2

 vs E plots, derived from diffuse reflectance spectra of pristine TiO2, 10, 20, 

30, and 50% TiO2/Fe3O4, calcined Fe3O4 and as-procured Fe3O4 are shown in Fig. 4.5. 

Kubelka-Munk factor (K) is calculated by using the formula, K = (1-R)
2
/2R, where R 
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represents the % reflectance and E stands for energy of the incident radiation. The sol–gel 

synthesized TiO2 shows the semiconducting band gap (Eg) of 3.2 eV. The as-procured Fe3O4 

did not show any defined bandgap. The calcined Fe3O4, on the other hand, showed an Eg of 

2.2 eV, which agrees well with the Eg of α-Fe2O3.
110,111

 In addition to the 2.2 eV, a shoulder 

is observed at ~1.9 eV. These transitions could be due to metal to ligand, ligand to metal 

charge transfers, and magnetically coupled Fe
3+

 adjacent site transitions.
112

 The 10-30% 

TiO2/Fe3O4 samples showed profiles exactly similar to that of α-Fe2O3. We did not observe 

any signature of TiO2 band gap in these samples. This could be attributed to the fine 

dispersion of TiO2 and large presence of α-Fe2O3. However, in 50% TiO2/Fe3O4, the 

spectrum clearly showed a shoulder at ~3.2 eV corresponding to Eg of TiO2, in addition to the 

Eg = 2.2 eV of α-Fe2O3. 

Figure 4.5: Plot of (Kubelka Munk factor (K) * Energy)
1/2

 vs Energy obtained from diffuse 

reflectance spectra of the catalysts. 

Table 4.1 shows the BET surface area measurements of the synthesized catalysts. The 

surface area of the pristine TiO2 was found to be 35.1 m
2
/g, while that of the calcined Fe3O4 

was found to be 7.3 m
2
/g. With the increase in TiO2 loading from 10 to 50%, the surface area 

was found to be increasing from 10.9 m
2
/g to 59.3 m

2
/g. Such a remarkable increase in the 

surface area demonstrates the high dispersion of the active material over the support, which is 

in line with the XRD observation. To gain further clarity, the surface area of 30% TiO2 and 
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Fe3O4 physical blend was compared with 30% TiO2/Fe3O4 supported catalyst. The results 

revealed ~3 fold increase (11.9 m
2
/g to 32.6 m

2
/g) in surface area when TiO2 was anchored 

over the Fe3O4 support. Thus, the polymerizable sol–gel approach clearly enhances the 

dispersion of the active material over the support.  

Table 4.1: Nitrogen adsorption isotherm (BET method) analysis of the photocatalysts 

Sample Specific Surface area (m
2
/g)

#
 

Pristine TiO2 35.1 

Calcined Fe3O4 7.3 

10% TiO2/Fe3O4 10.9 

20% TiO2/Fe3O4 19.3 

30% TiO2/Fe3O4 32.6 

50% TiO2/Fe3O4 59.3 

30% TiO2-Fe3O4 physical blend 11.9 

#
 Data obtained with 95 % confidence level. 

Photocatalytic reduction of Cr(VI) by sol–gel synthesized pristine TiO2 with various 

hole scavengers under inert and aerobic conditions is plotted in Fig. 4.6 (a) and 4.6 (b), 

respectively. Ammonium oxalate, oxalic acid and ethanol have been chosen as the hole 

scavengers in this study. In all the photocatalytic reduction experiments, the Cr(VI) was 

incubated with the catalyst in dark for 15 min to equilibrate the adsorption/desorption process 

before the light was turned on. Irrespective of the reaction atmosphere, the initial adsorption 

of Cr(VI) on TiO2 was negligible when oxalic acid was used as the hole scavenger, whereas 

the same was found to be in the range of 25 to 35% when ammonium oxalate and ethanol 

were used as the hole scavengers. As seen in Fig. 4.6 (a), the rate of photoreduction of Cr(VI) 

under nitrogen atmosphere was comparatively faster with oxalic acid, and ammonium 

oxalate, than that with ethanol. Complete photoreduction of Cr(VI) with oxalic acid, and 

ammonium oxalate was achieved in 75 min. On the other hand, the photoreduction of Cr(VI) 

with ethanol as the hole scavenger resulted in only ~70% of conversion in 120 min. 
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Figure 4.6: Photocatalytic reduction of Cr(VI) with various hole and electron scavenger(s) 

under (a) inert and (b) aerobic conditions with polymerizable sol–gel synthesized TiO2. 

The trend was slightly different when the photoreduction experiments were carried out 

under aerobic atmosphere (Fig. 4.6 (b)). In this case, the complete photoreduction of Cr(VI) 

was accomplished in 75 min with oxalic acid, and 120 min with ammonium oxalate. With 

ethanol as the hole scavenger, the conversion after 120 min was found to be ~ 55%. TiO2 

generates electrons in its CB and holes in its valence band (VB) when irradiated with suitable 
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wavelength of light. The hole scavengers scavenge the holes from the VB and thereby 

making the electrons in the CB available for photoreduction. When oxygen is present, it 

scavenges the electrons to get converted into superoxide radicals and thereby minimizing the 

availability of electrons for the photoreduction, which slows down the Cr(VI) reduction. To 

prove this further, we performed an additional experiment in aerobic atmosphere by taking an 

additional electron scavenger, IO4
-
. The presence of iodate has resulted in further slowing 

down the reaction rate (see Fig. 4.6 (b)), which has proven that the availability of 

photogenerated electrons in the CB of the semiconducting catalytic material is crucial to 

reduce the Cr(VI). 

Figure 4.7: UV-visible spectra of PDCA treated solutions of K2Cr2O7, K2Cr2O7 reduced with 

NaHSO3, and photoreduced K2Cr2O7 with 30% TiO2/Fe3O4. 

Total chromium concentration was quantified before and after photoreduction using 

AAS (data not shown). The analysis revealed that the total chromium concentration did not 

change after the photoreduction, thus confirming that the reduced species remained in the 

solution. To identify the oxidation state of chromium after photoreduction, we treated the 

photoreduced product sample solution with 2,6-pyridine dicarboxylic acid (PDCA) that is 

known to specifically form a characteristic complex with Cr(III).
113

 A positive control sample 

was prepared wherein K2Cr2O7 was reduced by using NaHSO3, followed by heating with 

PDCA for 30 min. Both the solutions exhibiting a light violet color were subjected to UV-

visible analysis (Fig. 4.7). It was observed that both photoreduced as well as NaHSO3 
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reduced samples exhibited light absorption in the range of 550-555 nm. However, a negative 

control of non-reduced K2Cr2O7 did not show any absorption in this wavelength range after 

treating with PDCA. These results confirmed the successful conversion of Cr(VI) to Cr(III) 

under the photoreduction conditions. 

Figure 4.8: Photoreduction of Cr(VI) with 10-50% TiO2/Fe3O4 , and calcined Fe3O4 catalysts 

under UV light irradiation in aerobic condition. 

As the photoreduction under aerobic conditions has practical significance and also there 

was not much difference between aerobic and inert atmosphere, further photoreduction of 

Cr(VI) studies were carried out under aerobic conditions. To understand the chemistry of 

dispersed TiO2 over a semiconducting magnetic support, TiO2/Fe3O4 was employed for 

aerobic photoreduction of Cr(VI). Since oxalic acid possessed the maximum hole scavenging 

ability, it was used for further photoreduction studies. Fig. 4.8 shows the Cr(VI) 

photoreduction with 10-50% TiO2/Fe3O4 catalysts under UV light irradiation. Calcined 

Fe3O4, and 30% TiO2-calcined Fe3O4 physical blend were used as controls. As seen in the 

figure, the 10, 20, 30, and 50% TiO2/Fe3O4 catalysts reduced the Cr(VI) completely in 50, 40, 

30, and 60 min, respectively. Whereas both the controls, calcined Fe3O4, and 30% TiO2-

Fe3O4 physical blend, reduced the Cr(VI) in 75 min. For pristine TiO2, and calcined Fe3O4 the 

rate of Cr(VI) photoreduction was found to be 0.43, and 0.24 ppm g
-1

 min
-1

, respectively. 

When TiO2 was anchored onto Fe3O4, the reaction rates have been found to be 0.5, 0.59, 
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0.91, and 0.24 ppm g
-1

 min
-1 

for 10, 20, 30, and 50% TiO2/Fe3O4, respectively. The dispersion 

of the active sites clearly shows significant acceleration of the reaction rates up to 30% of 

TiO2 loading, beyond which the reaction rate has decreased. Although 50% TiO2/Fe3O4 has 

possessed roughly twice the surface area of 30% TiO2/Fe3O4, the decrease in the 

photocatalytic activity indicates the role of effective heterojunction between TiO2 and Fe3O4 

support.  

Figure 4.9: Schematic illustration of the proposed mechanism for the Cr(VI) photoreduction 

using TiO2/Fe3O4 catalyst under UV light irradiation. 

In addition to the high dispersion, there is a significant synergistic role of the CBs of 

TiO2 and Fe2O3 towards the photocatalysis. In Fig. 4.9, the Eg between VB and CB of TiO2 as 

well as Fe2O3 obtained from the diffuse reflectance spectra is merged with the standard 

reduction potential of Cr(VI)/Cr(III). Upon irradiation of UV light, the electrons move from 

the VB of TiO2 to its CB leaving the holes behind. The CB of Fe2O3 is slightly energetically 

lower than that of TiO2. The electron, therefore, may move downhill from the CB of TiO2 to 

CB of Fe2O3, which in turn could significantly reduce the electron-hole recombination in 

TiO2. The available electron in the CB of Fe2O3 can reduce the Cr(VI) to Cr(III)
 
efficiently. 

Therefore, we observe a high rate of photoreduction with the sol–gel synthesized composite 

catalyst. However, when TiO2 was physically mixed with calcined Fe3O4, the TiO2-Fe2O3 

interfaces were not so conducive for the effective hopping of electron from the CB of TiO2 to 

CB of Fe2O3. The optimum concentration for this effective band overlap was observed with 
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30% loading of TiO2 over Fe3O4, which could be due to the reason that the effective 

heterojunction between TiO2 and Fe3O4 is formed at this loading. 

Figure 4.10: Magnetic hysteresis plot of as-procured Fe3O4, calcined Fe3O4 and 30% 

TiO2/Fe3O4 catalysts.  

In order to successfully recycle the composite catalysts, it is important to understand 

the magnetic recoverability. The saturation magnetization (Ms) was measured on Fe3O4, 

calcined Fe3O4 and 30% TiO2/Fe3O4 by using vibrating sample magnetometer (VSM) and the 

corresponding hysteresis loops are shown in Fig. 4.10. The commercial Fe3O4 exhibited a Ms 

value of 174 emu/g, which came down to 95 emu/g after calcination. This is due to the 

surface oxidation of Fe3O4 to α-Fe2O3 during the calcination. The 30% TiO2/Fe3O4 exhibited 

a normalized Ms value of 37.6 emu/g, which additionally confirmed the coating of TiO2 over 

Fe3O4. It is noteworthy that despite the decrease in value, the Ms of the final catalyst is 

acceptable for easy magnetic recovery of the catalyst, and the value is comparable to those 

Fe3O4-based catalysts found in the literature.
41,114

  

Recyclability of the catalyst for photoreduction of Cr(VI) was carried out with 30% 

TiO2/Fe3O4 up to 4 cycles (Fig. 4.11 (a)). There was no decrease in the photocatalytic 

efficiency up to 4 cycles and ~84% of the catalyst was recovered at the end of the fourth 

cycle. The catalyst was recovered using a magnet at the end of each cycle (Fig. 4.11 (b)).  
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Figure 4.11: (a) Recyclability of 30% TiO2/Fe3O4 for Cr(VI) photoreduction up to 4 cycles, 

(b) photograph showing the magnetic recoverability of the catalyst.  

 To further probe the stability of the photocatalyst, we performed XRD, Raman 

spectroscopy, and SEM-EDS analysis of the 30% TiO2/Fe3O4 recovered catalyst after 4 

cycles of photoreduction (Fig. 4.12). The XRD pattern was found to be the same as that of as-

synthesized catalyst and thus confirmed that there is no change in the crystal structure before 

and after photoreduction. The SEM image as well as EDS analysis also revealed that the 
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morphology and elemental composition of the catalyst remain unchanged even after 4 cycles 

of photoreduction. The same trend was observed in case of Raman spectral analysis as well. 

These results have proven the high stability of the catalyst under the reaction conditions and 

also the magnetic recoverability. 

Figure 4.12: XRD (a), Raman spectrum (b), SEM (c, d), and EDS (e) data of 30% 

TiO2/Fe3O4 recovered catalyst after 4 cycles of photoreduction.   

4.3 Fe3O4@Fe2O3/Al2O3 

4. 3.1 Experimental  

(i) Synthesis of Fe3O4@Fe2O3/Al2O3 

Fe3O4@Fe2O3/Al2O3 catalysts were synthesized by customized co-precipitation method.
115 

FeSO4.7H2O and FeCl3 in 1:2 molar ratio were dissolved in 50 mL of acid-water (pH ~ 1.5). 

Varied amounts of Al2O3 nano powder were added to the above solution and sonicated for 10 

min. The resultant suspension was continuously stirred with dropwise addition of ammonia 

solution (25%) until complete precipitation of Fe3O4/Al2O3 composite was obtained. With 

this approach, different loading of Fe3O4 such as 5, 10, 20, 40 wt % supported onto Al2O3 

were prepared. The as-synthesized catalysts were subjected to calcination at 400 °C for 1 hr 

in order to oxidize the surface of Fe3O4 to Fe2O3. In addition, this calcination step has also 
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helped to stabilize the interface between Fe3O4 and Al2O3. In a similar way, the unsupported 

Fe3O4@Fe2O3 was also synthesized. 

(ii) Photocatalytic Studies 

The photocatalytic experiments were studied under simulated visible light using HPS 250 

visible lamp of 250 W. To compare the activity, the photoreduction was also carried out 

under day light. For every experiment, 100 mL of 50 ppm Cr(VI) solution containing 10 mM 

of oxalic acid as hole scavenger was taken in a 500 mL beaker. The pH of the solution was 

adjusted to 3 using NaOH and HCl. A catalyst amount of 30 mg was added to the solution 

and was shaken in an orbital shaker at 200 rpm. Initially, the solution was shaken in dark for 

15 min to reach adsorption-desorption equilibrium of Cr(VI) over the catalyst. This was 

followed by irradiation of visible light under aerobic condition. The aliquots were collected in 

a regular interval during photoreduction. The residual Cr(VI) concentration was determined 

by UV-Vis spectrophotometry at 540 nm after complexation with DPC. 

4.3.2 Results and discussion 

(i) Synthesis and compositional analysis 

One of the popular methods to synthesize Fe3O4 nano particles is via co-precipitation 

method.
116, 117

 In this route, Fe(II) and Fe(III) precursors are taken in 1:2 molar ratio as 

present in an inverse spinel form of [Fe
2+

Fe
3+

]Td[Fe
3+

]OhO4, where Td and Oh are tetrahedral 

and octahedral holes, respectively. In our customized synthesis, Fe(II) and Fe(III) precursors 

were co-precipitated in the presence of high surface area Al2O3 nano powder in order to 

anchor as well as disperse the Fe-oxide over the support. We observed that during synthesis, 

the black Fe3O4 was precipitated along with the Al2O3 nano powder. The obtained materials 

were subjected to calcination in order to stabilize the interface between Fe3O4 and Al2O3 and 

also to partially oxidize the surface of Fe3O4 to Fe2O3. The color of the catalysts was 

observed to have changed from black to brown indicating the formation of Fe2O3 on the 

surface. Table 4.2 summarises the yield and the BET surface area of the composite catalysts 

possessing varied loading of the active material. Up to 20% loading of the active material, the 

obtained yield was found to be ~ 90%. However, with 40% loading of the active material, the 

yield was substantially increased to 98%. The pristine Al2O3 nanopowder and the synthesized 

Fe3O4@Fe2O3 possessed a surface area of 57.3 and 88.8 m
2
 g

-1
, respectively. When 5% of 

Fe3O4@Fe2O3 was dispersed over Al2O3 support, the surface area significantly increased to 

102.5 m
2 

g
-1

. In case of 10 and 20% Fe3O4@Fe2O3/Al2O3, the surface area was saturated at 
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~107 m
2
 g

-1
. On the contrary, the physical blend of 10% Fe3O4@Fe2O3 and Al2O3 possessed a 

surface area of ~86 m
2
 g

-1
. This shows the fine dispersion of the active material in the 

synthesized composite catalysts. When the loading of active material was increased to 40%, 

the surface area decreased to ~80 m
2 

g
-1

. This could be attributed to the formation of bigger 

Fe3O4 nanoparticles anchored over the support.  

Table 4.2: Surface area of materials 

 

Table 4.3: Composition analysis of co-precipitated and physical blend catalysts by ED-XRF  

Composition Co-precipitated Catalyst Physical blend 

Fe3O4@Fe2O3 : Al2O3 Fe3O4@Fe2O3 : Al2O3 

5% Fe3O4@Fe2O3/Al2O3 5.8 : 94.2 4.5 : 95.5 

10% Fe3O4@Fe2O3/Al2O3 10.1 : 89.9 8.7 : 91.3 

20% Fe3O4@Fe2O3/Al2O3 18.8 : 81.2 14.5 : 85.5 

40% Fe3O4@Fe2O3/Al2O3 33.8 : 66.2 32.9 : 67.1 

 

 

No. Catalyst Yield (%) Surface Area m
2
/g 

1 Fe3O4@Fe2O3 -- 57.3 

2 Al2O3 -- 88.8 

3 5% Fe3O4@Fe2O3/Al2O3 90 102.6 

4 10% Fe3O4@Fe2O3/Al2O3 89 107.6 

5 20% Fe3O4@Fe2O3/Al2O3 90 106.2 

6 40% Fe3O4@Fe2O3/Al2O3 98 79.9 

7 10% Fe3O4@Fe2O3-Al2O3 (Physical 

blend) 

-- 86.2 
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Table 4.3 shows the ED-XRF compositional analysis of the co-precipitated and the physical 

blend catalysts. The observed values are at per with the theoretical loadings in both the cases. 

However, at any composition, the intensities of the active material in the co-precipitated 

catalysts were found to be little higher than that in the physical blend. This could be 

attributed to the higher dispersion of the active material in the co-precipitated catalysts.  

Figure 4.13: XRD patterns of (a) Al2O3, (b) Fe3O4@Fe2O3, (c) 5% Fe3O4@Fe2O3/Al2O3, (d) 

10% Fe3O4@Fe2O3/Al2O3, (e) 20% Fe3O4@Fe2O3/Al2O3, and (f) 40% Fe3O4@Fe2O3/Al2O3. 

(* and # indicates phases of Al2O3 and Fe3O4 respectively). 

Fig. 4.13 shows the XRD patterns of (a) Al2O3 (b) Fe3O4@Fe2O3 and (c-f) 10-40 % 

Fe3O4@Fe2O3. The commercially bought Al2O3 shows broad peaks confirming its nano size. 

The crystallite size measured for Al2O3 by Debye Scherrer’s formula is ~ 6.2 nm. The Al2O3 

was found to be in the -phase (JCPDS # 50-0741). Fe3O4@Fe2O3 after calcination of Fe3O4 

in Fig. 4.13 (b) exhibits the characteristic peaks at 2 = 30.78, 35.88, 43.58, 54.18, 57.79, 

63.10° confirming that the calcined Fe3O4 crystalizes in inverse spinel phase (JCPDS # 89-

4319). The crystallite size of Fe3O4 in Fe3O4@Fe2O3 measured was ~10.7 nm. Up to 10% of 
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Fe3O4@Fe2O3 loading over Al2O3, no significant peak corresponding to Fe3O4 was observed. 

This could be due to the high dispersion and lower amount of Fe3O4 loading over nano-

Al2O3. When, Fe3O4 loading was increased to 20% and above, the characteristic peaks of 

Fe3O4 were visible. It should be noted that in all cases any characteristic peak corresponding 

to Fe2O3 was obscured. 

Figure 4.14: HR-TEM images of (a-b) Al2O3, (c-d) 10% Fe3O4@Fe2O3/Al2O3, (e-g) 40% 

Fe3O4@Fe2O3/Al2O3 and (h) comparison of electron diffraction patterns of Al2O3 (left) and 

40% Fe3O4@Fe2O3/Al2O3 (right). 

The detailed structural information of commercial alumina and synthesized 

Fe3O4@Fe2O3/Al2O3 (10 and 40%) photocatalysts was demonstrated by HR-TEM analysis. 

Fig. 4.14 shows the HR-TEM images of Al2O3 (a-b), 10 % (c-d) and 40 % 

Fe3O4@Fe2O3/Al2O3 (e-g). The pristine Al2O3 nanopowder was found to contain particles in 

the size range of 10 to 15 nm. It is observed from Fig. 3.14b that the lattice fringes with d-

spacing of 0.142 nm corresponds to (440) plane of Al2O3. The HR-TEM image of 10 % 

Fe3O4@Fe2O3/Al2O3 (Fig. 3.14 (d)) has also shown the lattice fringes with d-spacing of 0.143 

nm, which is due to the major component Al2O3 in the composite catalyst. No lattice fringes 

correspond to Fe3O4 was observed, indicating that the minor component (active material) is 

well dispersed and therefore did not form any significant crystalline domain. In case of 40 % 

Fe3O4@Fe2O3/Al2O3, along with the Al2O3 nanopowder, few bigger particles with a lateral 

dimension of ~30 to 40 nm were found (Fig. 4.14 (e) and 4.14 (f)). The high-resolution 

imaging of one such domain revealed the lattice fringes with d-spacing of 0.253 nm (Fig. 
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4.14 (g)), which agrees well with the (311) plane of Fe3O4. This confirms the formation of 

Fe3O4 nanoparticles over Al2O3 support. The comparison of electron diffraction rings 

between Al2O3 and 40 % Fe3O4@Fe2O3/Al2O3, additionally shows that the intensity of Al2O3 

rings have diminished and the prominent Fe3O4 rings have started to appear in the case of 

latter (Fig. 4.14 (h)). It is noteworthy that there was no clear information on the presence of 

Fe2O3 at the surface of Fe3O4 nanoparticles.  

Figure 4.15: X-ray photoelectron survey spectra of 10% Fe3O4@Fe2O3/Al2O3 and 40% 

Fe3O4@Fe2O3/Al2O3 and their corresponding core level spectra of Fe(2p) and O(1s). 

In order to gain further insight on the surface oxidation of Fe3O4, XPS was employed. 

Fig. 4.15 represents the X-ray photoelectron survey spectra of 10 and 40% 

Fe3O4@Fe2O3/Al2O3 and their corresponding core level spectra of Fe(2p) and O(1s). In the 

survey scan the characteristic elemental peaks of Al, Fe and O were observed, confirming the 
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composite nature of the catalyst. No significant difference, except a little increase in intensity 

of Fe (2p) peak was observed in 40% Fe3O4@Fe2O3/Al2O3 compared to 10% 

Fe3O4@Fe2O3/Al2O3. This can be attributed to the higher loading of Fe in 40% 

Fe3O4@Fe2O3/Al2O3. The core level spectra showed a very broad Fe(2p3/2) and Fe(2p1/2) 

peaks at 710.5 and 724 eV, respectively,  confirming the mixed oxidation states of Fe as in 

Fe3O4. The characteristic satellite peak at ~ 718 eV in 40% Fe3O4@Fe2O3/Al2O3 reveals that 

the very surface is more oxidized to Fe
3+102

. This indicates that higher loading of Fe3O4 

produces detectable amount of Fe2O3 in the surface of Fe3O4. The O(1s) core level spectra is 

mildly higher in binding energy for 40%  Fe3O4@Fe2O3/Al2O3 compared to that of 10% 

Fe3O4@Fe2O3/Al2O3. This may additionally support that the surface Fe is more oxidized to 

Fe2O3 in 40% Fe3O4@Fe2O3/Al2O3. 

Figure 4.16: Raman spectra of (a) Al2O3, (b) Fe3O4@Fe2O3, (c) 5% Fe3O4@Fe2O3/Al2O3, (d) 

10% Fe3O4@Fe2O3/Al2O3, (e) 20% Fe3O4@Fe2O3/Al2O3, and (f) 40% Fe3O4@Fe2O3/Al2O3. 

Surface oxidation of Fe3O4 was further studied using Raman spectroscopy, which is a 

powerful technique to reveal the surface composition. Fig. 4.16 shows the Raman spectra of 

commercial Al2O3 and the synthesized photocatalysts. The commercial Al2O3 did not show 

any significant Raman peak, indicating the absence of any significant Raman active mode in 

Al2O3. On the other hand, the Fe3O4@Fe2O3 obtained by the calcination of Fe3O4 synthesized 

by the co-precipitation method exhibited characteristic peaks of α-Fe2O3. The peaks at 208, 

276, 389 and 675 cm
-1

 can be indexed to the A1g(1), Eg(1), Eg(1) and Eu Raman active modes 
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of Fe2O3, respectively. Importantly, there was no significant peak intensity at ~540 cm
-1

, 

which is a characteristic peak of T2g(2) Raman active mode of Fe3O4.
105,118,119

 This reveals 

that the surface of Fe3O4 is oxidized to Fe2O3 due to calcination. In case of 5 and 10% 

Fe3O4@Fe2O3/Al2O3, no significant peak of Fe2O3 was observed in the Raman spectrum that 

additionally corroborates the fine dispersion of the active material over the support. Starting 

from 20% of active material loading, the characteristic Fe2O3 Raman peaks were visible and 

the spectra were matching with that of Fe3O4@Fe2O3. 

Figure 4.17: Plot (Kubelka Munk factor (K=(1-R)
2
/2R) * Energy)

1/2
 vs Energy. 

(K × E)
1/2

 vs E plots, obtained from diffuse reflectance spectra of 5, 10, 20, 40% 

Fe3O4@Fe2O3/Al2O3, Fe3O4@Fe2O3 and uncalcined Fe3O4 are plotted in Fig. 4.17 in order to 

understand the optical band gap of the materials.
102

 Both Al2O3 and uncalcined Fe3O4 did not 

show any semiconducting band gap, which is a typical of these materials.
 
Interestingly, the 

calcined Fe3O4 showed the band gap of ~ 2.4 eV, which is a characteristic of semiconducting 

Fe2O3. The band gap of ~ 2.4 eV is suitable for photocatalytic activity in visible light range 

(up to ~ 515 nm) of the electromagnetic spectrum. With increasing the loading of Fe3O4 over 

Al2O3 from 5 to 40%, the band gap decreased from 2.6 to 2.4 eV. The higher band gap 

observed with lower amount of loading could be attributed to the high dispersion of the active 

material, and the consequent quantum confinement
35

. However, in case of 40% Fe3O4 
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loading, the band gap was found to approach the value of the bulk.  Additionally, in case of 

40% Fe3O4/Al2O3 and also in calcined Fe3O4, the transitions corresponding to metal-ligand 

charge transfer, ligand-metal charge transfer and magnetically coupled Fe
3+

 adjacent site 

transition were also observed as a shoulder at ~ 1.9 eV.
112

 This further confirms the surface 

oxidation of Fe3O4 to Fe2O3, which corroborates the observation from XPS and Raman. Due 

to the high dispersion and the lower amount of the active material, in case of 5 and 10% 

Fe3O4/Al2O3 the shoulder was obscured.  

(ii) Photocatalysis 

The efficiency of the synthesized photocatalytic materials towards Cr(VI) visible light 

(simulated) photoreduction was explored and the results are plotted in Fig. 4.18 (a). The 

complete photoreduction of 50 ppm Cr(VI) solution over Fe3O4@Fe2O3, which was used as a 

control photocatalyst, was observed in 35 minutes. The rate of photoreduction over 

Fe3O4@Fe2O3 calculated at 10% conversion of Cr(VI) was found to be 0.47 mol L
-1 

min
-1 

g
-1

. 

Also, in case of 5% Fe3O4@Fe2O3/Al2O3 the complete photoreduction was achieved in 35 

minutes, however the calculated rate of the photoreduction was found to be 10 mol L
-1 

min
-1 

g
-1

. It has to be noted that the rate has been calculated with respect to the amount of active 

material. The high rate of photoreduction could be attributed to the high dispersion of 

Fe3O4@Fe2O3 over Al2O3. It should be noted that with 5% Fe3O4@Fe2O3 loading over Al2O3 

support, the surface area of the composite has significantly increased than that of the 

individual components (vide Table 4.2). When the loading of Fe3O4@Fe2O3 was doubled 

(10% Fe3O4@Fe2O3/Al2O3), the complete photoreduction was achieved in 25 minutes and the 

rate was found to be 8.5 mol L
-1 

min
-1 

g
-1

. In these two cases of 5 and 10% Fe3O4@Fe2O3 

loading the rate was found to be comparable, however, with the increase in loading of the 

active material, the time required for the complete photoreduction was lowered. It is 

interesting to observe that the surface areas of these two materials are also comparable. When 

the loading was increased to 40% Fe3O4@Fe2O3 over Al2O3, the time required for complete 

photoreduction was similar to the bulk Fe3O4@Fe2O3, and the rate was calculated to be 1.3 

mol L
-1 

min
-1 

g
-1

. This shows that the rate of photoreduction of Cr(VI) decreased with higher 

loading of Fe3O4@Fe2O3. This could be due to formation of larger Fe3O4@Fe2O3 particles 

over Al2O3, which is also reflected from the surface area study. Interestingly, when 10% 

Fe3O4@Fe2O3-Al2O3 physical blend was used as a control, the rate of the reaction was very 

poor and found to be 1.7 mol L
-1 

min
-1 

g
-1

 and only 50% photoreduction of Cr(VI) was 
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observed in 45 minutes. This clearly emphasizes the significance of dispersing the active 

material over a support to enhance the photoreduction efficiency by manifold. 

Figure 4.18: Photoreduction of Cr(VI) (a) simulated visible light, (b) direct sunlight.  

For practical applicability of the synthesized materials, the Cr(VI) photoreduction was 

carried out under direct sunlight. For this, we have selected 10 and 40% Fe3O4@Fe2O3/Al2O3, 

which showed a similar trend as observed in simulated visible light study (Fig. 4.18 (b)). 

Interestingly, the Cr(VI) photoreduction was found be faster under direct sunlight than the 

simulated visible light. The rate calculated from 5% Fe3O4@Fe2O3/Al2O3 under direct 

sunlight was 14.2 mol L
-1 

min
 -1 

g
-1

. We speculate that this could be due to the presence of 

high energy UV radiation in the sun light. The required time for Cr(VI) photocatalytic 
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reduction was compared with the reported values in literature and presented in Table 4.4. For 

comparison, the light source, concentration of Cr(VI), hole scavengers, amount of 

photocatalyst, and required time for photoreduction are taken into account. It can be noted 

from the table that our catalyst outperformed the reported ones for complete Cr(VI) 

photoreduction. 

Table 4.4: Comparison of literature on Cr(VI) photoreduction 

Catalyst
Reference 

Conc. of 

Cr (VI)  

(ppm)  

Catalyst 

loading 

(gm/L) 

Source Hole 

Scaven

ger 

Time 

(min) 

Cr(VI) 

reducti

on (%) 

TiO2 (P25)
24

  10  1 UV (14W) --- 300 70 

ZnO
25

 50  3 UV (125W Hg 

lamp) 

Methan

ol 

75 90 

TiO2(P25)
26

  160  2 UV(450 W Xe 

lamp) 

Formic 

acid 

60 95 

TiO2(P25)
26

  160  2 UV(450 W Xe 

lamp) 

Formic 

acid 

60 90 

ZnO
26

 160  2 UV(450 W Xe 

lamp) 

Formic 

acid 

60 60 

CdS-RGO (1.5 

wt%)
27

 

10 1 Visible --- 240 92 

ZnO-RGO (1.0 

wt%)
28

 

10 1 UV (500W Hg 

lamp) 

--- 60 96 

Ti-PTA/TiO2 

nanowires
31

 

160 1 UV (300W Hg 

lamp) 

Isoprop

anol 

50 90 

α-Fe2O3/aMEGO  

(8 mol%)
44

 

10 1 Visible (300W 

Xe lamp 

--- 160 95 
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2 mol% α- 

Fe2O3/Algerian 

clay
20

 

100 1 Visible  

(200W W 

lamp) 

Oxalic 

acid 

300 80 

2 mol % α- 

Fe2O3/Algerian 

clay
20

 

100 1 Sunlight Oxalic 

acid 

40 100 

CdS/α-Fe2O3 

(20mol %)
43

 

50 0.25 Visible  

(500W Xe 

lamp) 

Formic 

acid 

60 100 

Fe3O4/ rGO
51

 25 0.5 Sunlight  

(3-

6KWh/m
2
/day) 

--- 25 96 

ZrO2/Fe3O4/Chito

san
53

 

70 0.5 Sunlight Ethano

l 

120 90 

30 wt% 

TiO2/Fe3O4
120 

10 0.3 UV (125W Hg 

lamp) 

Oxalic 

acid 

30 100 

Ag@Fe3O4@SiO

2@TiO2
121 

22.3 1 Sunlight ---- 180 100 

γ-Fe2O3-Alginate 

beads
122

 

50 100 Sunlight --- 50 100 

γ-Fe2O3-PVA-

Alginate beads
123

   

50 100 Sunlight --- 30 100 

0.4mol% La
+3

-

TiO2
124

 

20 1 Sunlight 

(800W/m
2
) 

--- 240 94 

Carbon 

Modified-n-

TiO2
125

 

3 2 Sunlight 

(1200W/m
2
) 

Phenol  

(e
-
 

donor) 

10 100 

0.5wt % α- 10 2 Visible  Oxalic 20 99 
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Fe2O3/g-C3N4
126

 (300W Xe 

lamp) 

acid 

α-FeOOH 

nanorods/RGO 

(3wt%)
127

 

10 1 Visible  

(300W Xe 

lamp) 

--- 180 94 

10% 

Fe3O4@Fe2O3/Al2

O3
This work 

50 0.3 Visible 

(250W) 

Oxalic 

acid 

25 100 

 

Figure 4.19: Magnetic hysteresis of Fe3O4@Fe2O3, 10% Fe3O4@Fe2O3/Al2O3 and 40% 

Fe3O4@Fe2O3/Al2O3. 

To explore the possibility of magnetic recoverability, the saturation magnetization (Ms) 

of Fe3O4@Fe2O3, 10 and 40% Fe3O4@Fe2O3/Al2O3 was studied using vibrating sample 

magnetometer (Fig. 4.19). The Fe3O4@Fe2O3 was found to possess an Ms of 145 emu g
-1

. In 

case of 10% Fe3O4@Fe2O3/Al2O3, the Ms approached a near zero value of 1.34 emu g
-1

, 

which could be due to the reason that the Fe3O4 was highly dispersed over the support and 

thereby did not form any significant magnetic domain. In addition, Fe3O4 was also partially 

oxidized to non-magnetic Fe2O3. However, in case of 40% Fe3O4@Fe2O3/Al2O3 the Ms was 

retained at 110 emu g
-1

. This prompts the material to be a magnetically recoverable catalyst 

and therefore further recyclability studies were carried out with 40% Fe3O4@Fe2O3/Al2O3. 
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Fig. 4.20 shows the recyclability of Cr(VI) photoreduction under simulated visible light up to 

4 cycles. After every cycle, the catalyst was recovered using a magnet, washed with water 

and dried. There was a marginal decrease of rate from 1
st
 cycle to the consecutive cycles, 

however, the overall performance was retained till four cycles. 

Figure 4.20: Recyclability of Cr(VI) photoreduction with 40% Fe3O4@Fe2O3/Al2O3 under 

simulated visible light. 

4.4 WO3 

44.1 Methods 

(i) Synthesis of WO3 

The acrylate-functionalized tungsten monomer was synthesized by complexation between 

tungsten (V) ethoxide (0.5 mmol) and MAEAA (1 mmol).
128

 To this W-MAEAA complex, 

EDMA (0.75 mmol) as crosslinker and BPO (2-wt% with respect to MAEAA and EDMA) in 

acetone as free-radical initiator were added to constitute a polymerizable sol-gel precursor 

resin. This solution was subjected to heating at 120 ºC for 1 h to carry out free-radical 

polymerization, which yielded a yellow colored powder. The powder was grounded well and 

subjected to calcination at various temperatures such as 450, 650 and 850 ºC for 4 h in order 

to obtain WO3 that are coded as WO3-450, WO3-650, and WO3-850, respectively. 

(ii) Photocatalytic studies 

Photocatalytic reduction of Cr(VI) was performed by taking 100 mL of 20 ppm K2Cr2O7 in 5 

mM solution of oxalic acid at pH 3 with 30 mg of catalyst in a batch reactor housing a 

simulated visible light (HPS 250 visible lamp of 250 W), and the total maximum intensity of 
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the light was 250 mW cm
-2

. The pH was maintained at 3, because the formation of neutral 

chromic acid, H2CrO4 takes place at lower pH and shows higher affinity towards positively 

charged WO3 (PZC of WO3 ~ 4 - 5).
24

 The Cr(VI) concentration was monitored by UV-Vis 

spectrophotometer (JASCO V-650) after complexation with 1,5-diphenyl carbazide (DPC). 

The Cr(VI) reacts with DPC to produce a reddish purple colored Cr-diphenyl carbazone 

complex in acidic solution and quantified by measuring its absorbance at 540 nm.
129

   

4.4.2 Results and Discussion 

In a typical polymerizable sol–gel synthesis of metal oxides, a polymerizable functional 

group such as acrylate is functionalized on to the metal. Such metal complexes, depending on 

the chelating monomers, can exhibit enhanced stability against hydrolytic attack on the metal 

center.
128

 These metal complexes along with the necessary cross-linker and polymerization 

initiator constitute the polymerizable sol–gel resin, which can be coated over flat substrates 

and ceramic supports. Polymerization followed by calcination of such systems would yield 

thin film and supported oxides.
102

 

In this work, a stable W-MAEAA complex has been made by treating tungsten (V) 

ethoxide with MAEAA, the alkoxide otherwise is highly susceptible to hydrolysis. After 

mixing of MAEAA with tungsten (V) ethoxide, the resulting solution was warmed up to 50 

°C for 10 min to induce chelation between the metal and the acetoacetate functionality. The 

results of IR analysis on the chelation of W-MAEAA complex and polymerization of sol-gel 

precursor resin are presented in Fig. 4.21. After chelation of tungsten with MAEAA, the 

carbon-carbon double bond stretching peak at 1635 cm
-1

 was observed to be broadened, while 

a new peak at ~1545 cm
-1

 appeared. These peaks are attributed to the carbon-oxygen double 

bond and carbon-carbon double bond vibrations of the chelate rings.
128

 These stretching 

peaks were found to be present in the post-polymerization of the polymerizable precursor 

resin, indicating the stable chelation between the metal and the ligand even after 

polymerization. 
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Figure 4.21: Infrared spectra of the polymerizable sol–gel precursor resin before and after 

subjecting to free-radical polymerization. 

Thermal analysis of the sol–gel precursor resin was performed in order to understand 

the thermal degradation pattern (Fig. 4.22). The mass loss profile can be majorly divided into 

two parts. The first step mass loss up to 200 °C can be attributed to the lower molecular 

weight species such as solvent and uncured monomers, while the remaining mass loss can be 

attributed to the polymerized precursor resin. The analysis has revealed ~18% of residual 

WO3 above ~550 °C. However, the isothermal TGA analysis at 450 °C showed complete loss 

of organics, indicating the feasibility of obtaining WO3 even at lower calcination 

temperature.
130

 The difference in the residual mass loss between the continuous and 

isothermal run experiments could be due to the different amounts of initial solvent and 

uncured monomers at the onset of the measurement. Based on the possibility of lower 

calcination temperature ascertained by the thermal analysis, the polymerized powder was 

calcined at 450 °C and subsequent higher temperatures of 650 and 850 ºC to synthesize WO3. 
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Figure 4.22: Thermogravimetric analyses of tungsten-containing sol–gel precursor resin. (a) 

Continuous and isothermal runs against temperature; For the isothermal case, the temperature 

was ramped up to 450 °C and the assembly was held at the same temperature for another 45 

min. (b) Isothermal run shown against time. 

Depending on the above experimental observations, we pictorially represented the 

synthetic strategy in Scheme 4.1. In the first step, W-MAEAA complex has been made by 

treating tungsten (V) ethoxide with MAEAA. The W-MAEAA complex was administered 

towards polymerization with the help of the cross linker (EDMA) and the free radical initiator 

(BPO in acetone). The calcination at 450
 o

C removed the organic part to form nano-

crystalline WO3. 
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Scheme 4.1: Schematic representation of polymerization and calcination for the synthesis of 

WO3 by polymerizable sol˗gel approach.  

The XRD patterns of WO3 calcined at three different temperatures are shown in Fig. 

4.23. The WO3-450 crystallized in a pure phase without any impure peak. However, the 

peaks were found to be broad and overlapping. This clearly tells that the oxide material 

calcined at 450 °C is nano-crystalline in nature. When temperature was increased to 650 °C, 

the peaks were resolved further. However, the nano-crystallinity was partially retained. 

Further increase in temperature to 850 °C resulted in highly crystalline WO3 with well 

resolved characteristic peaks (JCPDS #89-4476, space group P21/n).
131

 The crystallite size for 

WO3-450, WO3-650 and WO3-850 from Scherrer’s formula was calculated with the help of 

(002) peak positioned at 2θ = 23.1
o
 and was found to be 10.9, 15.9, and 70.2 nm, apparently 

showing the effect of calcination on the degree of crystallinity. These observations are in 

correlation with the solution-combustion synthesized nano-crystalline WO3 reported in the 

literature.
79
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Figure 4.23: XRD patterns of WO3 calcined at 450, 650, and 850 °C. 

FE-SEM was employed to analyze the surface morphology of the synthesized catalysts 

and the results are given in Fig. 4.24. The WO3-450 was found to be grainy microparticles 

having the sizes in the range of micrometer to few tens of micrometers. The agglomerates 

seem to be similar to other oxide compounds formed at comparatively low temperature, when 

grain intergrowth is not active.
132-134

 A closer look at the particles revealed the surface to be 

aggregates of granular species possessing nano-crystalline domains. When the temperature of 

the synthesis was elevated to 650 °C, the resultant WO3-650 was found to possess fused 

spherical-shaped nanoparticles. The fused grain morphology is typical when active grain 

interdiffusion is activated. Several examples could be found elsewhere.
135-137

 However, the 

nanocrystalline domains were visible over the fused spheres. The WO3-850 was found to be 

well-formed microcrystals that were polyhedral in shape. The faceted grains form when 

temperature is high enough for surface diffusion activation and surface atom ordering. 

Several examples could be found in the literature.
138-140

 The characteristic temperatures are 

different for different oxides. Thus, the interpretation of the FE-SEM patterns could be 

drastically developed. A closer look at the particles revealed the surfaces and edges to be 

relatively smoother when compared to the WO3-450 and WO3-650. These results clearly 

revealed the increasing crystal growth with increase in calcination temperature.  
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Figure 4.24: FE-SEM images of WO3-450 (a-c), WO3-650 (d-f), and WO3-850 (g-i) at 

various magnifications.  

Figure 4.25: TEM images of WO3-450 (a–c), WO3-650 (e–g), and WO3-850 (i–k) at 

various magnifications and (d, h, l) are their corresponding SAED patterns. 
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The observation also been corroborated with the HR-TEM results shown in Fig. 4.25. 

The HR-TEM images shows the morphology of WO3 nanoparticles, which clearly appeared 

in polyhedral shape with an average particle size of 10-20 nm for WO3-450, and 30-50 nm 

for both WO3-650 and WO3-850. The lattice fringes were well resolved, indicating its 

crystalline nature. The Selected Area Electron Diffraction (SAED) patterns of WO3 

nanoparticles were shown in Fig. 5 (d), 5 (h), and 5 (l). The crystallinity was increased with 

increasing the calcination temperature from 450 to 850 °C. The lattice distance was found to 

be ~ 0.38 nm which corresponds to (002) plane of monoclinic WO3.
141

 

Figure 4.26: XPS analyses over WO3-450, WO3-650 and WO3-850 revealing (a) valence 

band edge and (b) W 4f core level scan. 
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The electronic properties of WO3 were studied by XPS and DRS. The valence band 

spectra of WO3 calcined at three different temperatures are plotted in Fig. 4.26. For all 

practical purpose, the valance band spectra more or less coincide with the density of states. 

Apparently evident from Fig. 4.26 (a) that the valence bands of all the three WO3 samples 

initiate at around 2.9 eV and also there is an additional sub-band near the Fermi level. The 

near-Fermi sub-band is believed due to the W 5d-like and W 6s-like states taking part in the 

formation of the shortened W-W bonds in the nonstoichiometric WO3.
142,143

 WO3-450 has the 

highest intensity sub-band followed by WO3-650, and WO3-850. Though the all valence 

bands start at the same position, the valence band of WO3-850 has a kink in the profile and 

the full width at half maxima of the valence band is more for WO3-450 than that of WO3-850. 

The higher intensity of near Fermi sub-band and wider valence band indicates that the oxygen 

stoichiometry in WO3-450 could be lesser than 3, and calcination at higher temperatures may 

lead to the formation of stoichiometric WO3. The core level spectra of W 4f7/2 and W 4f5/2 

(Fig. 4.26 (b)) for all the three samples indicated W in +6 oxidation state and the profiles did 

not show any significant difference. It would be valuable to see also the O 1s core level 

recorded for the samples prepared at all three temperatures. Then, the binding energy 

difference method could be applied for comparison.
144,145

  

Figure 4.27: Kubelka-Munk plots derived from the diffuse reflectance spectra of WO3 

synthesized at 450, 650 and 850 °C. K represents the Kubelka-Munk factor, which is 

calculated by using    (   )    , where R is the % reflectance. 
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The Optical band gaps of WO3 calcined at different temperatures are obtained from the 

Kubelka-Munk method and the plots are shown in Fig. 4.27. The Kubelka–Munk method is 

based on the following equation F(R) = 
(   ) 

  
, where R is the % reflectance; F(R) is 

proportional to the molar extinction coefficient. This equation is usually applied to highly 

light scattering materials and absorbing particles in a matrix. By plotting (F(R)×hν)
n  

as a 

function of the energy in eV, the band gap of semiconductor particles can be obtained. As 

WO3 is believed to be an indirect optical band gap semiconductor, the band gap was obtained 

by considering n = 2. Indirect band gap WO3 also exhibits a long lifetime of photoexcited 

electrons. The optical band gaps of WO3-450, WO3-650 and WO3-850 were found to be 3.1, 

3.1, and 2.9 eV respectively. The higher band gap of the low temperature calcined oxides 

could be due to the quantum confinement of the excitons in the nano-crystalline domains, 

which corroborate the XRD and SEM analyses. 

The BET surface area measurements of WO3-450, WO3-650 and WO3-850 were 

recorded to follow the effect of calcination. As expected, there was a clear trend of decrease 

in the surface area with increase in calcination temperature. The WO3-450 was found to 

possess a surface area of ~35 m
2
/g, which decreased to 8.6 m

2
/g for WO3-650 and 1.6 m

2
/g 

for WO3-850. The enormous decrease in the surface area for WO3-850 can be easily 

correlated with the FE-SEM and XRD analyses, which showed a tremendous growth in the 

WO3 particles and crystallite size. 

Figure 4.28: Photoluminescence spectra of WO3 synthesized at 450, 650 and 850 °C. In all 

cases, the excitation was done at 270 nm. 
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Photoluminescence (PL) of the synthesized materials were recorded to obtain additional 

information on the electron-hole recombination process (Fig. 4.28). Generally, it is accepted 

that a higher PL efficiency would indicate higher electron-hole recombination and vice versa. 

Thus, for an efficient photocatalytic reaction, lower PL efficiency is desirable, as the 

recombination of the photogenerated electrons and holes would be less and, therefore, the 

carriers could be utilized for the reaction. In our study, the PL profiles of WO3-450 and WO3-

650 were looking almost identical, indicating that there was no much difference in the 

electron-hole recombination process. However, the PL profile of WO3-850 showed higher 

intensity than the other two materials in the near UV region, whilst a modestly lesser intensity 

in 400 to 450 nm range. 

The synthesized nano-crystalline WO3 was explored towards photoreduction of Cr(VI) 

as a function of calcination temperature (Fig. 4.29 (a)). Initially, till 15 min, the samples were 

stirred in dark to attain the adsorption-desorption equilibrium. Apparently, the adsorption 

rates of Cr(VI) over WO3-450 and WO3-650 were similar and higher compared to WO3-850, 

which could be attributed to the difference in the surface area. After 120 min of visible light 

exposure, WO3-450 and WO3-650 could reduce up to 50 and 35% of Cr(VI) respectively, 

whereas WO3-850 could reduce only 7% of Cr(VI). The rate of reduction calculated after 10 

min of initiation of the reduction are 1.67 × 10
-5

, 1.33 × 10
-5

 and 1.67 × 10
-6

 mol L
-1

 g
-1

 min
-1

 

over WO3-450, WO3-650 and WO3-850, respectively. To ascertain the role of photogenerated 

electrons and holes in the photocatalytic reduction of Cr(VI), the control experiments were 

done without a hole scavenger and with an electron scavenger (Fig. 4.29b). The hole 

scavenger is used in the photocatalytic reduction in order to scavenge the photogenerated hole 

and thereby making the electrons available for the reaction through minimizing the 

recombination. As seen in the figure, when the oxalic acid hole scavenger was not used in the 

reaction, the Cr(VI) photoreduction was insignificant, which clearly demonstrated the 

beneficial role of hole scavenger. With periodate electron scavenger, the Cr(VI) 

photoreduction was also insignificant, thus proving that the photogenerated electrons are 

responsible for the catalytic reduction of Cr(VI). 
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Figure 4.29: (a) Visible light photocatalytic reduction of Cr(VI) over WO3-450, WO3-650, 

and WO3-850. (b) Role of hole scavenger and electron scavenger in the visible light 

photoreduction of Cr(VI) using WO3-450. 

The higher photocatalytic efficiency of WO3-450 could be attributed to the following 

factors. First, WO3-450 being nano-crystalline in nature found out from XRD, and electron 

microscope, possesses more catalytic active sites, which may help to catalytically outperform 

WO3-650 and WO3-850. This is also supported by the high surface area of WO3-450. The 

oxygen non-stoichiometry in WO3-450 could also be a beneficial factor for higher efficacy of 

the material. However, despite the optical band gap and visible range PL intensity of WO3-

850 were lower than that in WO3-450, the higher photocatalytic activity of the latter 
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prompted us to take a closer view of the valence band of these materials. Therefore, with the 

help of valence band spectra obtained from XPS and the band gap obtained from DRS, we 

have constructed the conduction band edge of WO3, and clubbed with the Cr(VI)/Cr(III) 

reduction potential, (1.33 V) with respect to NHE in Figure 10.
146,147

 Upon irradiation of UV 

light, the electrons move from the VB of WO3 to its CB leaving the holes behind. As the 

conduction band of WO3 lies well above the reduction potential of Cr(VI)/Cr(III), the 

photogenerated electrons from the conduction band may easily hop down the hill to reduce 

Cr(VI). As evident from Figure 10, the over population of electrons at the edge of valence 

band maxima for WO3-450 along with the higher intensity of the near-Fermi level sub band 

due to the oxygen non-stoichiometry can be attributed as the second aspect to the higher 

photocatalytic efficiency.    

 

Figure 4.30: Schematic illustration of band energies of WO3 obtained from XPS and DRS 

measurements with respect to the reduction potential of Cr(VI)/Cr(III). 

4.5 Conclusions 

TiO2/Fe3O4 catalysts with various loading of TiO2 were synthesized by the polymerizable 

sol–gel route. The XRD and SEM characterization revealed high dispersion of TiO2 over 

Fe3O4. BET surface area measurements revealed increase in surface area with increase in 

TiO2 loading. The surface of the Fe3O4 was found to be partially oxidized to Fe2O3 during the 
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calcination step. The diffuse reflectance spectra showed the semiconducting band gaps of 

TiO2 and calcined Fe3O4. The TiO2/Fe3O4 composite catalysts showed higher rate of 

photoreduction of Cr(VI) than the non-supported bulk TiO2 as well as calcined Fe3O4. The 

photoreduction mechanism was probed by using hole as well as electron scavengers. The 

photocatalytic studies show that the anchoring of TiO2 over Fe3O4 results in three-fold 

advantage. First, when the TiO2 is anchored over Fe3O4, the dispersion of the active site was 

higher. This is a crucial one for achieving higher reaction rate. Second, the significant band 

overlap of TiO2 and Fe3O4 helped decreasing the electron-hole recombination reaction, thus 

enhancing the photoreduction rate. Third, Fe3O4 being a magnetic nanoparticle, the magnetic 

recyclability of the catalyst was convenient. 

To extend the photocatalytic activity towards visible light from UV light, the suitable 

Fe3O4@Fe2O3/Al2O3 catalysts were synthesized by the customized co-precipitation method. 

XRD and TEM analyses showed that the calcined Fe3O4 crystals, which were of inverse 

spinel structure, were highly dispersed over nano -Al2O3 support and the surface area of the 

composite was significantly higher than that of the individual components. XPS and Raman 

studies confirmed that Fe3O4 was partially oxidized to Fe2O3 due to calcination step during 

post co-precipitation synthesis. The Kubelka-Munk plot obtained from diffuse reflectance 

spectra showed the semiconducting band gap of Fe2O3, which was suitable for visible light 

photoreduction activity. The rate of Cr(VI) photoreduction over 5% Fe3O4@Fe2O3/Al2O3 was 

as high as 14.2 mol L
-1 

min
 -1 

g
-1 

under direct sunlight. The 40% Fe3O4@Fe2O3/Al2O3 retained 

the magnetic property as in bulk Fe3O4 and the composite was magnetically recovered to 

show unaffected high rate of photoreduction till four cycles. The current investigation is a 

proof of concept towards enhanced environmental catalytic application of highly dispersed 

active semiconducting nanomaterials. 

Another metal oxide suitable for the photocatalytic reduction of Cr (VI) in visible 

radiation is WO3. Hence, WO3 was synthesized at three different temperatures through a 

facile polymerizable sol–gel approach. The isothermal thermogravimetric analysis revealed 

that the calcination temperature to obtain nano-crystalline WO3 can be as low as 450 °C. The 

XRD and FE-SEM analyses showed the presence of nano-crystalline domains in WO3-450, 

whereas the raise in calcination temperature resulted in increased crystallinity. The diffuse 

reflectance analysis showed higher band gap value for WO3-450 and WO3-650 as compared 

to that of WO3-850 due to the quantum confinement in the nano-crystalline domains. BET 

surface area measurements showed a dramatic decrease in the surface area with increasing 
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the calcination temperature from 450 to 850 °C. The XPS analyses revealed the presence of 

oxygen non-stoichiometry in the lower temperature calcined samples. The highest 

photocatalytic activity towards Cr(VI) reduction was reached with WO3-450. The trend in the 

catalytic efficacy was explained in terms of nano-crystallinity, surface area, non-

stoichiometry and valence band profile. 
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Chapter 5: Effective adsorption of precious metal palladium over 

polyethyleneimine-functionalized alumina nanopowder and its reusability 

as a catalyst for energy and environmental applications 

5.1 Introduction 

Palladium is one of the important heavy metals that find extensive usage in various catalytic 

applications such as coupling, hydrogenation, hydrogen generation, oxidation, 

decarbonylation etc.
1-4

 Several organic transformations that find widespread implications in 

pharmaceutical and other chemical industries primarily use palladium as one of the main 

catalysts. Albeit enormous efforts to find alternatives are being pursued, palladium is still 

considered to be a dominant candidate in many catalytic reactions till date. Some of the 

limitations of palladium include its high cost, environmental toxicity at higher concentrations 

and limited natural availability.
5,6

 From both environmental and cost perspectives, it is 

necessary to bring the amount of palladium in the final effluents below 5 mg L
-1

.
5,6

 Although, 

toxicity of palladium is not substantial, at higher concentrations the kidney tissues are more 

likely to be affected and recent facts testify that it perturbs the mitochondrial respiratory 

chain leading to cell death by depleting cellular glutathione levels.
7
 Also, palladium has the 

ability to be transported through plant roots and later could enter into the food chain.
8
 Thus, it 

is imperative to effectively utilize the available palladium in a sustainable fashion and 

recover it successfully. The recovery of palladium could be accomplished through liquid-

liquid extraction, and solid phase extraction processes. Among these, the solid phase 

extraction is known to be an economical and effectual strategy for the recovery of palladium 

and other metal species.
9-11

  

Development of efficient adsorbents to recover palladium from the spent catalysts and 

industrial wastes provides economical and sustainable opportunities. In this regard, activated 

carbon, and biopolymer modified activated carbon are reported for palladium and platinum 

removal.
12

 Precious metals such as Au(III), Pd(II), and Pt(IV) are shown to be well adsorbed 

onto native graphene oxide.
13

 The interaction of sulfur ligands such as 

mercaptobenzothiazole
14

 and mercaptobenzimidazole
15

 with biopolymers such as cellulose 

and chitosan show good ability to adsorb and recover palladium. Impregnation of ionic liquid 

(Aliquat-336) onto a mesoporous silica matrix (SBA-15) is another versatile adsorbent that 

has been utilized to recover palladium from an industrial catalyst.
16
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Recently, there is an increasing trend in using amine functionality such as 

polyethyleneimine (PEI) towards environmental remediation as it is a biocompatible polymer 

that has been widely used in various biological applications including tissue engineering and 

drug delivery.
17-20

 While the linear PEI is mainly consisted of secondary amines, the 

branched PEI possesses primary, secondary and tertiary amine groups. Because of the 

abundant nitrogen, PEI is also known for its polycationic behavior. On a different note, 

alumina is an inert, cost-effective and non-toxic substance. The surface of alumina can be 

easily functionalized with amines, carboxylic acid, thiols etc. in order to obtain the desired 

property. The commercial availability of high surface area alumina nanopowder makes it 

interesting to be used as a cost-effective support.
21

 PEI coated onto alumina was used as a 

sorbent with an adsorption capacity of 13 mg g
-1

.
22

 PEI-coated polysulfone/Escherichia coli 

has been studied recently as a biosorbent for the sorption of Pd(II). Here, polysulfone was 

used as a polymer matrix for immobilization of Escherichia coli biomass and to enhance the 

adsorption capacity.
23

 Polyallylamine hydrochloride-modified Escherichia coli also has been 

studied for its Pd(II) sorption efficiency.
24

 The utility of PEI-modified Corynebacterium 

glutamicum biomass as a sorbent
25

 has been reported for palladium recovery.  Alumina 

combined with (5-bromo-2-pyridylazo)-5-diethylaminophenol) shows good potential for the 

adsorptive removal of Pd(II) from different water samples with the sorption capacity of 11.0 

mg g
-1

.
26

 N,N-bis(salicylidene)1,2-bis(2-aminophenylthio)ethane anchored over mesoporous 

silica was found to be efficient in adsorbing and sensing Pd(II).
27

 Amine-functionalized TiO2 

nanofibers obtained through electrospinning has been found to effectively perform as a 

membrane for recovery of precious metals such as Pd, Pt and Rh.
28

 Palladium supported onto 

amine-functionalized montmorillonite has also been used as a catalyst towards regioselective 

synthesis of aurones and flavones.
29

 In this effort, we chose high surface area alumina 

nanopowder and functionalized it with PEI. It is with the aim that the nitrogen moieties 

present in PEI can effectively interact with palladium and thereby leading to efficient 

palladium recovery and its reusability in catalytic applications. Furthermore, the surface 

functionalization and the catalytic applications were carried out entirely in aqueous medium, 

and thereby offering an environmentally benign methodology. The methodology of 

preparation of adsorbent and application towards catalysis are well documented in chapter 5. 
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4.2 Experimental Section 

(i) Carboxyl-functionalization of AO 

In a typical reaction, 1.0 g of AO was added to 100 mL of Millipore water in a 250 mL round 

bottom flask. To this, about 20 wt.-% (w.r.t. AO) of sodium citrate was added and the 

mixture was sonicated for 30 min in an ultra-sonication bath to disperse the particles in the 

media. The temperature of the reaction medium was raised to 90 °C in an oil bath and 

allowed to stand for 8 h under stirring.
30

 Subsequently, the mixture was cooled to room 

temperature and centrifuged. The resultant product (SC-AO) was acidified by adding 50% 

(v/v) aqueous acetic acid solution and incubated for 10 min. The citrate-functionalized 

alumina nanopowder (CA-AO) thus obtained was centrifuged, washed with Millipore water 

three times, and then dried in a vacuum oven for overnight at room temperature. 

(ii) Polyethylenimine-functionalization of CA-AO 

The amine functionalization was carried out by covalently anchoring PEI onto CA-AO 

through amide coupling.
31

 To achieve this, about 1.0 g of CA-AO in 20 mL of water was 

treated with a solution containing 0.6 g of EDC and 0.2 g of NHS. The resulting suspension 

was stirred for 3 h at room temperature. After this time, the suspension was added dropwise 

into a beaker containing 1.2 g of PEI dissolved in 500 mL of water and the pH of the mixture 

was adjusted to 5 and stirred for 24 h at room temperature. Finally, the PEI-anchored alumina 

nanopowder (PEI-AO) was obtained by centrifugation, washing and drying in a similar 

manner to CA-AO. 

(iii) Batch adsorption experiments 

The batch adsorption studies were carried out by taking 0.1 g of adsorbent (PEI-AO) in 30 

mL of 10 mg L
-1

 Pd(II) solution prepared in HCl medium and the parameters like pH, 

adsorbent amount, adsorption time and temperature were optimized at room temperature (25 

°C) for the desired time interval in an orbital incubator shaker at 120 rpm. The optimized pH 

was 6.0. Various initial concentrations of Pd(II) ranging from 40 to 300 mg L
-1

 were used to 

study the isotherms. The adsorbed palladium (II) at equilibrium (qe) is calculated using the 

following relation: 

                                                                = (   -   )  
 

 
                             (1) 

where,    and    are the initial and final liquid phase concentrations of palladium, V is the 

volume (in L) of the solution, and W is the weight (in g) of the PEI-AO adsorbent used, 



                                                                                                                                                                            
Chapter 5 

124 
 

respectively. The adsorption process was studied using first-order and second-order kinetics 

and the isotherms were evaluated using Langmuir and Freundlich models. 

(iv) Characterization and catalysis studies of Pd-adsorbed PEI-AO 

For the characterization studies, 300 mg L
-1

 of palladium chloride solution was stirred with 

0.1 g of PEI-AO to ensure maximum palladium adsorption. The resultant material was coded 

as Pd-PEI-AO and used for catalytic studies. The reduction of 4-NP was carried out by taking 

catalytic quantity (~5 mg) of Pd-PEI-AO in 10 mL of solution containing 0.143 mM of 4-NP 

and 14.3 mM of NaBH4. The reaction progress was monitored using UV-visible 

spectrophotometer. After the complete reduction of 4-NP, the Pd-PEI-AO was recovered 

through centrifugation and reconstituted for recyclability studies. To perform Cr(VI) 

reduction, the Pd-PEI-AO was subjected to reduction using NaBH4 solution in order to 

reduce the adsorbed palladium, referred hereafter as rPd-PEI-AO. A stock solution of 20 mg 

L
-1

 potassium dichromate containing 0.33 M of oxalic acid was prepared and the pH was 

adjusted to 3.0. To a 3 mL of this solution, 5 mg of the rPd-PEI-AO was added and the UV-

Vis absorbance of the resultant solution was recorded as a function of time. After the 

complete reduction of Cr(VI), the solution was centrifuged to recover the catalyst, which was 

utilized for the recyclability studies. For hydrogen generation experiments, 100 mg of rPd-

PEI-AO was added to a 20 mL of 64.8 mM AB solution and stirred. The evolved hydrogen 

gas was measured using gas burette method. In all the catalytic reactions, the reusability was 

studied up to 5 cycles. 

5.3 Results and discussion 

The functionalization of AO nano-support with PEI was accomplished in a two-step 

synthesis, as depicted in Scheme 5.1. First, sodium citrate was chemically anchored over 

alumina nano-support, followed by acidification with acetic acid, in order to achieve carboxyl 

surface functionalization. It is envisaged that one of the carboxylate arms of the citrate gets 

anchored onto the alumina surface, while the remaining two carboxylates are free that can be 

converted to carboxylic acid upon acidification. In the second step, these carboxyl groups on 

the surface of AO were activated using well-known EDC/NHS coupling reagents, which 

facilitated covalent immobilization of PEI through amide bond formation. This was 

accomplished by the dropwise addition of CA-AO nanopowder suspension to the PEI 

solution. The surface functionalization was monitored through IR, XPS, TGA, surface area 

and zeta potential measurements.  
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Scheme 5.1: Pictorial representation of citrate-mediated amine-functionalization of alumina 

nanopowder.  

Figure 5.1: FT-IR spectra of the pristine TSC, AO, SC-AO, CA-AO and PEI-AO. 

The IR measurement of pristine AO, SC-AO, CA-AO, and PEI-AO were recorded to 

follow the surface functionalization and the spectra are plotted in Fig. 5.1. As seen from the 

figure, the pristine AO exhibited a broad band in the range of 400 to 1000 cm
-1

. A peak at 

1636 cm
-1

 was found in the commercial AO, which may be attributed to the AlOOH layer on 

the surface.
32

 After functionalization with sodium citrate (before acidification), the obtained 

SC-AO exhibited characteristic asymmetric νas(COO
–
) and symmetric νs(COO

–
) vibrational 

stretching frequencies of surface bound carboxylate at 1638 and 1401 cm
-1

, respectively. The 

separation of 237 cm
-1

 between these two peaks indicate the bridging type of chelation of the 

4000 3500 3000 2500 2000 1500 1000 500

1075

1405

1401

1574

1394

2848
2962

1417

1469

1638

1629

1624

1590

 

 

In
te

n
s
it

y
 (

a
.u

.)

Wavenumber (cm
-1

)

 TSC

 AO

 SC-AO

 CA-AO

 PEI-AO

1636



                                                                                                                                                                            
Chapter 5 

126 
 

–(COO
–
) groups over the adjacent metal centers in the AO support. After acidification, the 

peak maxima in CA-AO are observed at 1629, 1469, and 1417 cm
-1

. The narrowing of 

separation between the νas(COO
–
) and symmetric νs(COO

–
) with an additional peak formation 

at 1468 cm
-1

 indicates successful acidification.
32-34

 After immobilizing PEI onto CA-AO, the 

νas(COO
–
) and νs(COO

–
) stretching peaks  were found to be slightly shifted to 1624 and 1405 

cm
-1

, respectively. This is indicative of amide bond formation through free –COOH groups, 

while the remaining carboxylate groups remain chelated to the AO support. The new peak at 

1574 cm
-1

 due to N-H stretching, and a weak shoulder at 1075 cm
-1

 due to C-N stretching of 

PEI indicate that the surface is covered with amine-functionalities due to the reaction 

between PEI and the alumina surface.
35

 One may not exclude the possibility of PEI getting 

coated over CA-AO through electrostatic interaction. Thus, PEI could be immobilized 

partially through amide bond as well as electrostatic interaction over CA-AO.
22

 

Figure 5.2: XPS survey scan measurements on CA-AO and PEI-AO (A), C 1s narrow scan 

measurements on C-AO and PEI-AO (B), and N 1s narrow scan measurement on PEI-AO 

(C). 
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To corroborate the observation from IR, we performed XPS measurements on CA-AO 

and PEI-AO (Fig. 5.2). The survey scan spectrum of CA-AO revealed the presence of 

characteristic Al 2p, Al 2s, C 1s, and O 1s peaks at the binding energies correspond to 73.5, 

118.2, 285.0, and 530.7 eV, respectively.
36

 The C 1s narrow scan further revealed that a 

significant portion of the carbon was possessing higher binding energy due to the bonding 

with the electronegative oxygen atoms. The deconvolution of the C 1s narrow scan showed a 

peak at 288 eV that can be attributed to the –C=O(O) of the carboxyl group.
37

 This has 

clearly indicated the presence of carboxylic acids on the surface of alumina nanopowder. The 

survey scan spectrum of PEI-AO, in addition to the peaks observed with CA-AO, revealed an 

additional N 1s peak at 399.1 eV, which was further resolved in the narrow scan. These 

observations additionally substantiated the successful surface functionalization of AO with 

PEI. 

Figure 5.3: Mass loss study on AO, SC-AO, and PEI-AO using thermogravimetric analysis 

TGA analyses of pristine AO, CA-AO, and PEI-AO were performed in order to 

understand the degradation profile of the organics present in the functionalized alumina 

nanoparticles (Fig. 5.3). The pristine AO exhibited a gradual mass loss up to 600 °C, the 

temperature at which the total mass loss was found to be ~6%. The mass loss study of the 

functionalized materials revealed that the CA-AO possessed ~11% of organics, while the 

amount of organics present in the PEI-AO was in the range of ~15%. In both the cases, the 

major degradation started from ~250 °C, which was nearly completed at ~600 °C. The 
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difference in mass loss between the pristine AO and the functionalized-AO indicates the 

increment in the overall proportion of organics with each functionalization step. 

Figure 5.4: Size distribution analysis of AO, CA-AO, and PEI-AO using DLS. 

The particle size analysis of AO, CA-AO, and PEI-AO were performed by dynamic 

light scattering (DLS) technique to understand the effect of surface functionalization in the 

particles’ hydrodynamic radius. As seen in Fig. 5.4, the pristine AO possessed a size of ~80 

nm, which was increased to ~135 nm for CA-AO. This increase in particle size indicates 

some aggregation among the CA-AO. After functionalization of CA-AO with PEI, the 

hydrodynamic radius of the resultant PEI-AO was found to be ~79 nm, which indicates that 

the particles regained their original surface after this step. Zeta potential measurements of 

these materials were carried out to understand the change in surface charge with each surface 

functionalization (Fig. 5.5). It is well known that the high acidic conditions would protonate 

the surfaces that would give rise to positive zeta potential, while the high alkaline conditions 

would render the surfaces negatively charged and therefore lead to negative zeta potential. As 

expected, in all the three samples, at ~pH 2 the surfaces possessed a positive zeta potential 

that was switched to negative at ~pH 12, however, their respective magnitudes were found to 

be different, additionally corroborating the functionalization. The isoelectric pH values of 

pristine AO, CA-AO and PEI-AO were found to be 6.3, 6.5, and 7.3, respectively.  

10 100 1000

0

5

10

15

20

25

30

35

40

 

 

N
u

m
b

e
r 

d
is

tr
ib

u
ti

o
n

 (
%

)

Particle size (nm)

 AO

 SC-AO

 PEI-AO



                                                                                                                                                                            
Chapter 5 

129 
 

Figure 5.5: Zeta potential analysis of AO, SC-AO, and PEI-AO as a function of pH. 

The BET surface area of the pristine AO, CA-AO, and PEI-AO was measured to follow 

the change in surface area as a function of surface functionalization. The surface area of the 

pristine AO was found to be ~141 m
2
/g, while that of the CA-AO was found to be ~104 m

2
/g. 

The reduction in surface area could be attributed to the aggregation of carboxyl-

functionalized alumina nanopowder during the acidification step. The surface area of PEI-AO 

was found to be ~155 m
2
/g. The high value of surface area obtained after the PEI-

functionalization step indicates that the PEI chains did not suffer aggregation, possibly due to 

the electrostatic repulsions between the amine groups. These results are in line with the DLS 

observation. 

The PEI-AO thus obtained was studied for its palladium sorption properties. The Pd(II) 

adsorption as a function of pH and amount of adsorbent revealed the optimal values to be 6.0 

and 0.1 g, respectively (Fig. 5.6). Fig. 5.6 showed that with the increase in the amount of 

adsorbent, the % adsorption of Pd(II) significantly decreases. This unique behavior could be 

attributed to the following reason. Generally, it is well-known that the adsorption-desorption 

is an equilibrium process. When an adsorbate is strongly anchored over an adsorbent, the 

equilibrium will be shifted towards adsorption and therefore desorption will be suppressed. 

The nature of adsorption is determined through the magnitude of enthalpy of adsorption. In 

our case, the ΔH
0
 was found to be -103.63 kJ mol

-1
 (vide infra), which lies in the boundary 

between physisorption and chemisorption. With increase in the adsorbent dosage, there exists 
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a competition for Pd(II) between the PEI-AO nanopowders that shifts the equilibrium 

towards desorption. Hence, at higher adsorbent dosage the % Pd adsorption decreases. 

Figure 5.6: Optimization studies for pH (A) and amount of adsorbent (B) using 10 mg L
-1

 of 

Pd(II) ions. 

For the isotherm studies, the initial concentrations of Pd(II) were varied from 40 to 300 

mg L
-1

. The equilibrium adsorption data was applied to two important isotherms (Langmuir 

and Freundlich) from which we could obtain the various isotherm parameters.  

The Langmuir isotherm model was used to comprehend the monolayer adsorption on 

homogeneous surface containing a limited number of identical sites and to calculate the 

maximum adsorption capacity of adsorbent.
38,39

 This isotherm explains the relation between 

the equilibrium concentration of palladium (Ce) and the amount adsorbed at equilibrium (qe) 

on the surface of PEI-AO. The maximum adsorption capacity, qo (amount of Pd(II) adsorbed 

per unit weight of the adsorbent) and constant b were obtained from the linear plot (Fig. 5.7 

(A)). The linearized form for Langmuir isotherm is shown in equation (1). 
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Using the above equation, the maximum adsorption capacity, qo was found to be 97.7 

mg g
-1 

(R
2 

= 0.91). Suitability of a particular adsorption isotherm could be inferred through an 

important parameter called the dimensionless separation factor RL. This is given by the 

equation (RL =1/(l + bCo), where Co is the initial concentration of Pd(II) in mg L
-1 

and b is the 

Langmuir constant (L mg
-1

). 
 
The value of b was found to be 0.03 L mg

-1
. The value of RL 

less than 1 relates to satisfactory adsorption, while the same when greater than 1 indicates 

reduced or unfavourable adsorption.
40

 The value of RL for the
 
adsorption of palladium over 

PEI-AO adsorbent was found to be 0.77, indicating the usefulness of Langmuir isotherm in 

this system.  

Figure 5.7: Langmuir (A) and Freundlich (B) isotherms for the adsorption of Pd(II) over 

PEI-AO. Pseudo first-order (C) and pseudo second-order (D) kinetics for the adsorption of 

Pd(II) over PEI-AO. 

The Freundlich isotherm, based on sorption on a heterogeneous surface, is an 

alternative useful model to gauge the adsorption phenomena occurring in dilute solutions.
41,42

 

The linearized form for Freundlich isotherm is given
 
as  
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In this particular model, Ce is the equilibrium concentration of the Pd(II) in mg L
-1

, qe is the 

amount of Pd(II) adsorbed at equilibrium in mg g
-1

, and KF and n are the Freundlich constants 

for adsorption capacity and adsorption intensity, respectively. KF and n were obtained from 

the slope and intercept of the Freundlich isotherm plots (Fig. 5.7 (B)). The regression 

coefficient R
2 

was found to be 0.90. The Freundlich exponent n should fall in the range of 1-

10 so as to predict the suitability of this isotherm
16

 for a particular adsorption process. The 

respective values of n and KF were calculated to be 1.61 and 5.12, implying the favourable 

adsorption process. The Langmuir and Freundlich isotherm parameters are given in Table 

5.1. 

Table 5.1: Parameters of Langmuir and Freundlich isotherm models 

 

The kinetics of the palladium adsorption onto the PEI-AO surface was studied using 

first-order
43

 and pseudo-second order
44

 models and the linearized equations are expressed as 

given by eqns. (4) and (5), respectively. 

                 
   

     
                           

                         
 

   
  

 

    
 
 

 

  
                                                                      

where qe and qt refers to the amount of palladium adsorbed at equilibrium and time t with the 

first and second-order rate constants k1 and k2, respectively. By fitting the experimental data 

through the plots of log (qe-qt) and t/qt against t (Fig. 5.7 (C) and 7 (D)), we obtain the kinetic 

Isotherm model         

Parameters                                  

Values 

Parameters Values 

Langmuir qo (mg g
-1

) 

b (L mg
-1

) 

RL 

R
2
 

97.7 

0.03 

0.77 

0.91 Freundlich 

  

 

KF (mg 
1-1/n

 g
-1

 L
1/n

) 

n 

R
2
 

5.12 

1.61 

0.90 
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parameters for the above two models. The adsorption data follows well with the pseudo-

second-order model as indicated by the higher regression coefficient (Table 4.2). Further, the 

qe values obtained experimentally and from the pseudo second-order kinetic model were 

found to be 2.6362 and 2.5159 mg g
-1

, respectively. With the experimental and calculated qe 

values being quite agreeable, it proves the applicability of pseudo second-order model in 

understanding the adsorption kinetics of palladium onto the PEI-AO adsorbent. Also, the 

kinetics data revealed the optimal equilibration time to be 50 min. 

Table 5.2: Kinetic parameters for the adsorption of Pd(II) 

 

The sorption of Pd(II) onto PEI-AO surface was evaluated through the thermodynamic 

studies involving Gibbs free energy (ΔG
0
), standard enthalpy change (ΔH

0
), and standard 

entropy change (ΔS
0
). These parameters were calculated (Table 5.3) from the temperature-

dependent adsorption data using the Van’t Hoff equations
45,46

 as shown in eqns. (5) and (6). 

                                                          ΔG
0
 = -RTlnKc             (5)     

                    
    

  
  

   

 
                        

The Kc values were obtained from the ratio of concentration of tetrachloropalladate (II) anion 

adsorbed onto PEI-AO adsorbent to that in the liquid phase at equilibrium. The standard 

enthalpy and entropy changes were obtained through the lnK against 1/T (Fig. 5.8) plot. The 

negative ΔG
0 

substantiates the spontaneity of adsorption of Pd(II) onto PEI-AO. The decrease 

in ΔG
0 

values with increase in temperature shows that palladium adsorption does not proceed 

well at higher temperatures. The negative ΔH
0 

(-103.63 kJ mol
-1

) points the exothermic 

adsorption behaviour and also its magnitude gives vital information on the adsorption type, 

which could be either physical or chemical. When there is physical adsorption, ΔH
0 

would 

generally be less than 80 kJ mol
-1

 and for chemical adsorption ΔH
0 

has a range 80-400 kJ 

mol
-1

.
47 

The negative ΔS
0 

(-319.67 J mol
-1

K
-1

) is indicative of decreased randomness at the 

Pd(II)-PEI-AO interface. The negative activation energy (Ea) at different temperatures (Ea = 

Concentration of Pd (II) 

solution 

(mg L
-1

) 

qe 

mg g
-1

 

Pseudo second order kinetic model 

k2 

g mg min
-1

 

q2 

mg g
-1

 

R
2
 

10 2.6362 0.1004 2.5159 0.99 
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ΔH
0

ads + RT) is also an indicator of the exothermic nature of adsorption of Pd(II) on to the 

PEI-AO adsorbent surface.
14

 

Figure 5.8: Van’t Hoff plot for the palladium adsorption over PEI-AO. 

Table 5.3: Thermodynamic parameters for the adsorption of Pd(II) ions 

 

For the recovery of adsorbed palladium, the fixed bed column studies were performed 

on a glass column packed with 1.0 g of the PEI-AO adsorbent. A 10 mg L
-1

 Pd(II) was 

poured onto the adsorbent column (flow rate 5 mL min
-1

) and the concentration of palladium 

in the solution phase was measured using AAS. Thiourea that contains sulfur and nitrogen as 

coordinating atoms was used as a desorbing agent. Desorption of palladium was found to be 

effective with a 9 mL volume of 0.2 mol L
-1

 aqueous thiourea. This could be elucidated 

through the formation of palladium-thiourea yellow colored complex, which considerably 

lowers the interaction between the adsorbent (PEI-AO) and Pd(II) ions and thereby 

facilitating palladium desorption from the adsorbent surface. After 3 cycles of regeneration, 
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the percentage adsorption of palladium was slightly decreased from 91.4% to 90.8%, while 

the 4
th

 cycle showed the percentage adsorption as 84.6%. This shows that the adsorbent could 

be regenerated and reused for 3 cycles using thiourea without any significant loss in 

adsorption capability. This has additionally proven the robustness and stability of the PEI 

surface functionalization. 

Figure 5.9: FT-IR spectra of neat PEI before and after adsorption of Pd(II). 

The interaction between Pd(II) and PEI was probed using IR spectroscopy (Fig. 5.9). 

The IR spectrum of polyethyleneimine (PEI) shows characteristic peaks at 3359 cm
−1

 (–N–H 

stretching), 2947, 2849 cm
−1

 (–C–H stretching), 1570 cm
−1

 (–N–H bending), 1476 cm
−1

 (–C–

H bending) and 1312, 1116 cm
−1

 (–C–N stretching).
48-50 

After loading Pd(II) onto PEI, the N-

H bending peak at 1570 cm
−1

 and the –C–N stretching and  1312 cm
−1

 were vastly 

suppressed, while new peaks were prominent at 1631, 1514, and 1466 cm
−1

. This shows that 

the electrostatic interaction through N-H group is certainly accountable for palladium 

sorption. In case of PEI-AO, the N-H stretching peak at 1567 cm
-1

 was suppressed after 

palladium sorption, confirming the role of nitrogen in the adsorption of palladium (Fig. 5.10). 
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Figure 5.10: FT-IR spectra of neat PEI-AO, Pd-PEI-AO, and rPd-PEI-AO. 

The Pd-PEI-AO and rPd-PEI-AO were characterized using XPS to gain additional 

insight to the interaction between palladium and the adsorbent (Fig. 5.11). In both the cases, 

the survey scan revealed the presence of N 1s and Pd 3d peaks. The N 1s narrow scan 

revealed that the nitrogen peak of PEI-AO at 399.1 eV was shifted to 399.8 eV after Pd 

adsorption, indicating that the electron density surrounding nitrogen was decreased due to the 

interaction with Pd(II).
50

 After reduction of palladium, the N 1s peak at 399.5 eV was 

appeared to be broader and less in intensity, which indicates that the palladium linked to the 

nitrogen, is reduced, as a consequence the nitrogen has partially regained its electron density. 

The Pd 3d narrow scan revealed that the Pd-PEI-AO exhibited the characteristic Pd 3d5/2 and 

Pd 3d3/2 peaks at 335.5 and 340.7 eV, respectively. The deconvolution of the curve reveals 

that the palladium mostly exists in its +2-oxidation state when adsorbed over PEI-AO. After 

reduction, the peaks have become much sharper and shifted to a lower binding energy value, 

which substantiated that the Pd present in rPd-PEI-AO was successfully reduced to zero-

valent oxidation state.
51
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Figure 5.11: XPS survey scan (A), N 1s narrow scan (B), and Pd 3d narrow scan (C) of Pd-

PEI-AO and rPd-PEI-AO. 

Figure 5.12: XRD patterns of pristine AO, Pd-PEI-AO, and rPd-PEI-AO (* and # indicates 

the planes corresponding to alumina and palladium, respectively). 
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XRD patterns were recorded for pristine AO, Pd-PEI-AO and rPd-PEI-AO and 

presented in Fig. 5.12. The pristine AO exhibited broad peaks, indicating the amorphous 

nature of alumina possessing a certain amount of nanocrystalline domains. The XRD pattern 

of Pd-PEI-AO was found to be almost identical to the pristine AO (JCPDS # 77-0396) except 

the peak at 39.9° corresponding to the (111) plane of palladium (JCPDS # 89-4897) was 

appeared. After reduction, the intensity of (111) plane of palladium in rPd-PEI-AO was 

increased, while the planes correspond to AO were relatively suppressed. This could be 

attributed to the increased crystallinity of palladium, facilitated by the reduction process.  

FE-SEM imaging and EDS analysis for PEI-AO, Pd-PEI-AO and rPd-PEI-AO were 

performed and the results are shown in Fig. 5.13. In all the samples, the surface morphology 

of the AO was found to be almost identical. The samples were vastly found to possess flat 

plate-like particles, which were comprised of nano granules. The EDS analysis of PEI-AO 

revealed the presence of elements such as C, O, and Al. It is known that nitrogen is less 

sensitive and susceptible for interference in EDS and therefore excluded. In case of Pd-PEI-

AO, in addition to C, O, and Al, about 0.8 at.% of Pd and 1.3 at.% of Cl were also detected. 

This could be attributed to the PdCl4
2-

 adsorbed over the Pd-PEI-AO. After reduction of 

palladium, the rPd-PEI-AO showed an increased amount of Pd (~1.1 at.%), while the Cl was 

completely absent. The loss of chlorine has additionally confirmed that the PdCl4
2-

 was 

successfully reduced to metallic palladium. 

 

Figure 5.13: FE-SEM and EDS images of pristine AO (A and D), PEI-AO (B and E), and 

Pd-PEI-AO (C and F). 
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Figure 5.14: UV-Vis absorption spectra of 4-NP reduction (4
th

 cycle) by Pd-PEI-AO (top) 

and the recyclability data for the reaction up to 5 cycles (bottom). 

One of the popular catalytic performance evaluations of a noble metal catalyst is the 

conversion of 4-NP to 4-aminophenol (4-AP).
52

 This conversion has practical significance 

that an endocrine disruptor (4-NP) chemical is converted to its corresponding amino 

derivative. In this case, the product 4-AP is a precursor for the synthesis of paracetamol, thus 

signifying the valorization of a potential hazardous chemical. The conversion of 4-NP to 4-

AP was followed using UV-visible spectroscopy. The original yellow color of 4-NP was 

intensified to dark yellow upon addition of NaBH4 due to the formation of phenolate ion, 

which exhibited an absorption maximum at 400.5 nm. When the catalyst was added, the color 
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of the solution was faded and became colorless on complete reduction of 4-NP. This was 

witnessed by the gradual decrease in the absorption band at 400.5 nm and formation of a new 

band at 307 nm, corresponding to the 4-AP. The representative UV-vis spectrum and the 

recyclability data are shown in Fig. 5.14. In the first cycle, 98% reduction of 4-NP was 

achieved in 3 minutes, while the fifth cycle required 11 min to accomplish the same. The 

gradual decrease in the activity could be due to the loss of small amount of palladium during 

each cycle and/or catalyst poisoning. Therefore, we quantified the total palladium content 

leached into the solution phase over 3 cycles using AAS and it was found that less than 1% of 

palladium got leached into the solution phase, while that desorbed using thiourea from the 

spent catalyst was found to be ~96%. The rate of 4-NP reduction at 10% conversion in the 

first cycle was found to be 125 mmol L
-1

 min
-1 

g
-1

. 

A representative inorganic polluting species is Cr(VI), which is considered to be 

potentially carcinogenic, while Cr(III) is known to be an essential metabolite for the function 

of insulin.
53

 Hence, it is essential to convert Cr(VI) to the less toxic Cr(III) through a simple 

and facile process. The catalytic reduction of Cr(VI) to Cr(III) was chosen as a model system 

to explore the potential of Pd-PEI-AO towards environmental remediation. In an attempt 

towards Cr(VI) reduction, no significant reaction occurred when the Pd-PEI-AO was directly 

used as the catalyst. This is because the catalytic property of Pd(II) towards Cr(VI) reduction 

under the experimental conditions was poor. Therefore, the Pd-PEI-AO was subjected to 

reduction to yield rPd-PEI-AO, which was further used for Cr(VI) reduction. Oxalic acid was 

used as a sacrificial agent in this case. The reduction of Cr(VI) was followed using UV 

spectrometry at a wavelength maximum of 350 nm. About 95% reduction was attained within 

3 min in the first cycle, while the fifth cycle required 7 min to accomplish the same (Fig. 

5.14). This has revealed that the catalyst possessed adequate activity even after multiple times 

of regeneration. The rate of Cr(VI) reduction at 10% conversion in the first cycle was found 

to be 67 mmol L
-1

 min
-1 

g
-1

. The palladium leaching studies revealed that ~7% of the metal 

was leached into the solution phase over 3 cycles of the reaction and ~88% of palladium was 

desorbed using thiourea solution. The little excess of palladium leaching as compared to the 

4-NP reduction could be due to the oxalic acid used in the catalytic reaction, which could 

have interacted with the basic amine groups in PEI and caused liberation of small quantity of 

the bound metal. 
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Figure 5.15: UV-Vis absorption spectra of Cr(VI) reduction (5
th

 cycle) by rPd-PEI-AO (top) 

and the recyclability data for the reaction up to 5 cycles (bottom). 

Sustainable hydrogen production is considered to be one of the important avenues to 

meet the growing energy demand. Among the various hydrogen sources, ammonia borane is 

considered to be one of the safest and green compounds that possess high density of 

hydrogen.
54 

On-demand catalytic hydrogen generation is therefore considered to be an 

important reaction. The Pd-PEI-AO was tested for its catalytic activity towards hydrogen 

evolution from ammonia borane in aqueous medium. The first cycle produced the maximum 

amount (~52 mL) of hydrogen in about 2 min, while the successive cycles up to 5 times 

required 3 to 4 min of duration to produce similar quantity of hydrogen (Fig. 5.16). This has 
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additionally proven the high catalytic performance of Pd-PEI-AO even after multiple cycles 

with a minimal to moderate loss in activity. The rate of hydrogen production at 10% 

conversion in the first cycle was found to be 10.5 mol min
-1 

g
-1

. The stability of the adsorbed 

palladium over 3 cycles was studied through estimation of the palladium content in the 

solution phase and solid phase before and after the reaction. AAS studies revealed that the 

total palladium content leached into the solution phase over 3 cycles was less than 1%, while 

that desorbed using thiourea from the spent catalyst was found to be ~96%.  

Figure 5.16: Hydrogen generation studies from ammonia borane up to 5 cycles using Pd-

PEI-AO. 

5.4 Conclusions 

Facile surface functionalization of PEI over alumina nanopowder was accomplished in a two-

step approach, which was confirmed using IR, XPS, TGA, and zeta potential measurements. 

The present work showed the utility of the PEI-coated alumina nanopowder towards effective 

adsorption of palladium. The sorption parameters of palladium were studied through pH 

effect, contact time, amount of adsorbent, concentrations and temperature. The optimum pH 

for the adsorption of Pd(II) was found to be 6.0 and the adsorption adhered to the pseudo 

second-order kinetics. While the native alumina showed an adsorption capacity of 35.08 mg 

g
-1

, the PEI-AO exhibited a high adsorption capacity of 97.7 mg g
-1

, obtained through 

Langmuir adsorption isotherm. The exothermic nature of adsorption process and the negative 
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free energy obtained at various temperatures confirm the spontaneity of adsorption. XPS 

analysis of Pd-PEI-AO, and rPd-PEI-AO revealed the favorable interaction of PdCl4
2-

 with 

nitrogen moieties of PEI. XRD studies on these samples revealed an increase in the 

crystallinity of palladium after reduction. The catalytic reduction of 4-NP and Cr(VI) using 

Pd-PEI-AO was found to proceed with rates as high as 125 mmol L
-1

 min
-1 

g
-1

 and 67 mmol 

L
-1

 min
-1 

g
-1

, respectively. Hydrogen generation from ammonia borane was found to be 

efficient with Pd-PEI-AO with a rate of 10.5 mol min
-1 

g
-1

 at 10% conversion. Recyclability 

of Pd-PEI-AO was studied up to 5 cycles in all the three catalytic reactions, which revealed 

the potential of the sorbent for efficient reusability. The amine-functionalization strategy 

presented in this work could also show potential in recovering and reusing other precious 

metals such as gold, platinum, and rhodium.
28
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Chapter 6: Design and synthesis of photocurable precursors for direct 

nanoimprinting of metal oxide micro/nano structures 

6.1 Introduction 

Fabrication of micro/nanostructures of oxides is of paramount importance in various 

applications including photoelectrochemical cells,
1
 photovoltaic cells,

2
 sensors,

3
 and 

catalysis.
4
 Several techniques including photolithography,

5,6
 electron-beam lithography,

7,8
 

electro-hydrodynamic lithography,
9,10

 direct write assembly,
11

 selective surface wetting,
12

 

dip-pen nanolithography,
13,14

 nanoimprint lithography (NIL)
15-17

 among others
18,19

 have been 

utilized towards fabrication of metal oxide micro/nanostructures. Each of these techniques 

has its own merits as well as limitations. Among the various available techniques, NIL has 

been regarded as the next generation fabrication approach due to its advantages such as 

simplicity, low-cost, high-fidelity, high-resolution, non-dependence on the optical diffraction 

limit, compatibility with various substrates and ability to imprint arbitrary structures over flat 

and curved surfaces.
20-23

 The descendants of NIL like step-and-flash,
24-26

 roll-to-roll
27

 and 

roll-to-flat
28

 imprint lithography techniques have augmented its high-throughput capability 

while maintaining high-precision. The NIL process can be broadly classified into two 

categories: thermal and UV. Thermal NIL requires temperature cycling, which reduces the 

throughput, affects the mold life, and leads to line-width variation owing to the differences in 

thermal expansion coefficients of the mold, substrate, and resist.
29

 On the other hand, UV-

NIL is an attractive room temperature process that does not require any temperature cycling, 

and thereby allows high-throughput patterning. As opposed to the fabrication of polymeric 

micro/nanostructures, fabrication of oxides has inherent challenges in the materials design as 

the metal-containing polymers and ceramics do not possess workable characteristics for 

direct patterning. Therefore, the material design has to be customized as per the requirement 

of each technique. In the case of nanoimprinting, sol–gel approach was initially employed 

that utilized hydrolysis followed by condensation of metal alkoxides or halides.
16,30-32

 The 

conventional sol–gel approach suffered low yield due to the lack of mechanical strength of 

the imprints during the demolding step. Nanoparticle suspensions have also been used for 

direct nanoimprinting with a soft PDMS mold.
33

 This approach has been used to directly 

fabricate three-dimensional structures of multicomponent oxides like indium tin oxide and 

nickel ferrite.
34,35

 Photosensitive ethylhexanoate-based oxide patterning has been reported 

that utilizes photo-breakable precursors rather than photo-curable monomers.
17

 In this 

concern, the polymerizable sol–gel approach (PSG) has emerged as a promising method for 
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rapid direct nanoimprinting of a host of metal oxides such as TiO2, ZrO2, Hf2O5 amongst 

others.
29,36,37

 The PSG approach utilizes metal-methacrylate liquid precursors that undergo in 

situ thermal- or photo-induced free radical polymerization during the nanoimprinting step. 

One of the major advantages of this approach is the spin-coatable liquid phase metal-

containing resin that can easily fill up the pattern features of the mold at near-ambient 

pressure due to capillary action. Polymerization solidifies the metal-containing precursor and 

decreases the surface energy to facilitate easy and clean demolding. This approach has been 

found to harness the advantages and obviates the limitations of the conventional sol–gel 

approach. The PSG approach has been shown to be suitable for high-throughput step-and-

flash imprint lithography for various oxides
38

 and to synthesize supported oxide photo-

catalysts.
39,40

 Despite the high potential, the PSG approach based on free radical 

polymerization of methacrylates is vulnerable to radical scavenging by oxygen that could 

affect the degree of polymerization, which in turn could effect on the quality of imprinting. 

This warrants purging/bubbling of inert gas into the metal-containing resin before patterning 

in order to eliminate any dissolved oxygen.  

6.1.1 Thiol-ene photo click chemistry 

Due to its simplicity, versatility, and specific reactivity, click chemistry has gained significant 

interest in various fields including organic transformations, surface functionalization, 

polymeric materials, and biological applications.
41-46

 Several reactions including alkyne-

azide, Diels-Alder reactions, thiol-ene, thiol-yne, etc., have been classified under click 

chemistry, as these reactions directly yield an adduct without giving any other byproduct.
47

 

Among them, thiol-ene click is an interesting reaction occurring between commonly available 

reactive alkenes and thiol groups, which are known to be tolerant to the presence of oxygen 

and moisture when the oxygen concentration is less than that of thiol.
48-52

 Thiol-ene reaction 

is also called as hydrothiolation, in which the thiol group adds across the carbon-carbon 

double bond in anti-Markovnikov orientation. Generally, the hydrothiolation reaction can 

proceed under a variety of conditions such as thermal catalytic processes, and photo-

addition.
53-56

 Hydrothiolation via photo-clicking is attractive as it proceeds well at room 

temperature reaction conditions. In a typical thiol-ene click reaction, the photo-generated 

electron from a photo-initiator is transferred to the thiol group to produce a thiyl radical, 

which adds across a carbon-carbon double bond and thus transferring the radical to the 

alkene. Abstraction of a hydrogen radical from the neighborhood thiol to this carbon radical 

accomplishes the hydrothiolation, while simultaneously propagating the chain reaction.
49,57 
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As thiol-ene click chemistry can fulfil the requirements such as oxygen-insensitivity, spin-

coatability, and room temperature photo-crosslinking, it is deemed to be attractive for UV-

NIL.
58-60

 This chemistry has recently been shown for its potential for imprinting polymeric 

structures over flat and curved surfaces.
61

 However, the merits of the thiol-ene photo-click 

chemistry have so far not been realized for oxide nanoimprinting. Here, we show the 

augmentation of the PSG approach by employing the oxygen-insensitive thiol-ene click 

chemistry towards fabrication of metal oxide micro/nanostructures (Scheme 6.1). The design 

of the photo-curable metal-containing resin, its photo-curability and patternability are 

discussed by choosing titanium alkoxide as the precursor to fabricate TiO2 nanostructures. 

TiO2 was chosen as the principal oxide candidate, as it is one of the most studied 

semiconducting oxides that possesses huge potential for various applications including 

energy, health, and environment.
62-64

 Finally, the thiol-ene approach was also studied for 

patterning Ta2O5 in order to ascertain its potential towards structuring other metal oxides. 

 

Scheme 6.1: Schematic representation of the overall process involving thiol-ene click 

chemistry for imprinting of metal oxides. 

6.1.2 Ring opening polymerization chemistry 

Direct nanoimprinting of oxides typically uses metal-containing polymerizable precursors 

that are synthesized by reacting the corresponding metal alkoxides with polymerizable 

chelating agent such as acetoacetate-functionalized acrylate. Imprintable resin formulations 

are prepared by mixing suitable proportions of the precursor with a reactive diluent, which 

typically enhances the spin-coatability and increases the crosslinking density. Although, this 

strategy was very successful in direct imprinting of several oxides and found to be compatible 

with the high throughput technique like step-and-flash imprint lithography, due to lesser 

metal content the final oxide patterns were shrunk ~70-80% during the calcination step. 
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Increasing of metal content increases the challenge, as the resin needs to fulfil the 

requirements of spin-coatability and high crosslinking density for direct imprintability, which 

are mainly governed by the organics present in it. This results in a tradeoff between the 

imprintability and the pattern shrinkage. In this work, we aim to decrease the pattern size 

reduction by not including any reactive diluents in the imprintable resin. We have taken TiO2 

as the candidate due to the reasons mentioned above. Instead of titanium iso-propoxide, we 

chose titanium ethoxide in this work, the ethoxy group possesses one carbon lesser than the 

iso-propoxy group. To obtain well-cured resin, we selected epoxy group and its analogous 

oxetane group for their high cross-linkability through ring opening polymerization.  

By designing the appropriate monomers, for the first time, we augment the capability 

of the PSG approach with epoxy- and oxetane-functionalized metal-containing resin that falls 

under the category of chemically amplified resists (CARs). The CARs, which are very 

popular in the photolithography process of semiconductor industries, typically utilize 

photoacid generator (PAG) that generates a strong acid upon UV exposure.
65,66

In a typical 

negative tone resist, the reactive functional group such as epoxy consumes a photogenerated 

acid and undergoes ring opening during a subsequent post-exposure bake (PEB) step and 

generate an acid at the end of the ring opening step. Thus, the photogenerated acid is 

generated back after every ring opening and such resists are therefore called as CARs. The 

CARs have the advantages such as very short UV exposure duration (typically less than 1 

min) and short PEB time (typically less than 2 min). Thus, CARs are considered to be high 

potential resists under optimized conditions. Additionally, the epoxy- and oxetane-based 

resists are known to be oxygen insensitive and therefore do not require inert processing 

conditions.
65-67

 Few literature have reported the application of epoxy chemistry in NIL, 

wherein epoxy-functionalized silicon was used. 
65,68

 Another work by Wu et al., used 

epoxy/inorganic hybrid resist for the imprinting of SiO2 and TiO2 nanoparticles, in which the 

diglycidyl ether of bisphenol A (DGEBA) resin is mixed with tetraethyl orthotitanate 

(Ti(OEt)4) and tetraethyl orthosilicate Si(OEt)4) with the help of coupling agent (3-

glycidyloxypropyltrimethoxysilane (GLYMO)). The TiO2 and SiO2 nanoparticles were 

formed by sol–gel processing and enhanced the thermal properties and etching resistability of 

the epoxy resin.
69

 However, a metal-containing epoxy/oxetane functionalized single source 

precursor has not been reported so far for the fabrication of oxide patterns through NIL. 
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In the present work, we synthesized epoxy- and oxetane-functionalized acetoacetate 

derivatives and complexed them with titanium ethoxide to formulate imprintable resits. The 

design of the metal-containing CAR, and its patternability are discussed (Scheme 6.2).  

Scheme 6.2: Schematic representation of the overall process involving ring opening 

polymerization chemistry for imprinting of metal oxides. 

6.2 Thiol-ene photo click chemistry 

6.2.1 Experimental section 

(i) Resin formulation 

The TiO2 resists were prepared using requisite amounts of precursors as mentioned in Table 

6.1. Briefly, one equivalent of Ti(i-PrO)4 was added and thoroughly stirred with 4 equivalents 

of AAAc in a glass vial inside a nitrogen glove box. The color of the solution rapidly turned 

into red that indicated the formation of Ti(AAA)4 complex. To this complex, either half 

equivalent or one equivalent of the PETMP cross-linker was added and the resultant mixture 

was shaken well on a vortex stirrer for 2 min to obtain a clear solution. To this mixture, 3 

wt% (with respect to the AAAc and PETMP) of HMP photo-initiator was added to formulate 

the imprintable resin, which was diluted with toluene in 1:1 (wt.:wt.) ratio to decrease the 

viscosity. The Ta2O5 resist was also prepared in a similar manner by taking tantalum (V) 

ethoxide as the alkoxide source.  
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Table 6.1: Proportions of various components used in the different formulations 

(ii) Imprinting of metal oxide 

First, PDMS stamps were fabricated following the standard procedure from Sylgard 184. 

Briefly, the silicon rubber base pre-polymer and cross-linker of Sylgard 184 were thoroughly 

mixed in 10:1 weight ratio and the resulting mixture was poured over polycarbonate master 

mold kept in a petri dish. This assembly was degassed in a vacuum desiccator to remove any 

trapped air bubbles. The assembly was the subjected to 70 °C for 1 h to induce cross-linking 

of the precursor. Finally, the PDMS elastomeric stamp was peeled off from the master mold. 

The fabricated PDMS stamps were treated with 1H,1H,2H,2H–perfluorodecyltrichlorosilane 

for 5 h inside an evacuated desiccator in order to decrease the surface energy that facilitates 

easy demolding. The water contact angle of the fluorinated PDMS stamp was found to be 

~130° as opposed to 105° of freshly prepared PDMS, indicating the reduction in surface 

energy. 

In a typical nanoimprinting process, the metal-containing resin solution was spin-coated 

over a silicon wafer (20 mm × 20 mm) at 1000 rpm for 45 s. The PDMS mold was then 

placed on top of the wet thin film and a slight pressure was applied. This assembly was 

subjected to UV irradiation with a Hg vapor lamp (125 W) for 20 min to induce crosslinking 

of the monomers. After UV exposure, the PDMS stamp was carefully demolded and the 

imprints were subjected to calcination at designated temperatures for 1 h to obtain metal 

oxide micro/nanostructures.   

6.2.2 Results and Discussion 

A judicious choice of precursors is the key to successful implementation of the thiol-ene click 

chemistry to realize oxide nanofabrication. In this regard, we chose pentaerythritol tetrakis(3-

mercaptopropionate) (PETMP) as the cross-linker that has four thiol arms. Allyl acetoacetate 

(AAAc) was chosen as the bifunctional reagent that on one hand chelates with the metal 

Sample code TIPO (mmol)  AAAc (mmol)  PETMP (mmol)  HMP (mmol)  

TA 1.0 4.0 0.0 0.156 

TAP-0.5 1.0 4.0 0.50 0.208 

TAP-1 1.0 4.0 1.00 0.277 
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center through the acetoacetate group and on the other hand possesses the reactive alkene 

group for the click reaction. When the metal center is chelated with more than one AAAc, it 

could also act as a cross-linker, which would lead to the formation of highly branched 

polymeric network. The chemical structures of the various components used in this study are 

shown in Fig. 6.1. 

Figure 6.1: Chemical structures of the various components used for imprinting of metal 

oxides. 

To probe the thiol-ene click reaction under UV irradiation, we formulated a resin 

containing PETMP and AAAc in 1:4 ratio mixed with 3 wt% of 2-hydroxy-2-

methylpropiophenone (HMP) photo-initiator. This metal-free resin was spin-coated over a 

pre-cleaned silicon wafer and studied with the Fourier transform infrared (FT-IR) 

spectroscopy to follow the thiol-ene photo-click chemistry (Fig. 6.2 (a)). As seen from the 

figure, the characteristic –SH stretching peak was observed at 2570 cm
-1

, confirming the 

presence of free thiol groups in the resin formulation. In addition, an intense peak at 1738 cm
-

1
 due to the carbonyl group stretching and a weak peak at 1632 cm

-1
 due to the alkene group 

were also observed. After subjecting the film to 20 min of UV irradiation, it remained wet, 

indicating poor efficiency of the thiol-ene click-reaction in this system. The FT-IR spectrum 

obtained after irradiation was almost identical to that before UV irradiation. We postulated 

that this could be due to the unfavorably positioned functional groups or reduced probability 

of stoichiometric encountering of the allyl and thiol groups in the thin film. Therefore, we 
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decreased the amount of PETMP to half (PETMP and AAAc in 1:8 ratio) to provide more 

alkene double bonds per –SH group so as to enhance the probability of the reaction at the 

thiol group sites. Interestingly, the irradiated film became dry to yield a smooth photo-cured 

film. The FT-IR corresponding to this composition revealed the complete disappearance of 

the –SH stretching peak, strongly corroborating the occurrence of thiol-ene click reaction 

(Fig. 6.2 (b)). 

Figure 6.2: FT-IR analyses of thiol-ene photo-curing of resins containing PETMP and AAAc 

in the ratio of (a) 1:4 (TAP-1) and (b) 1:8 (TAP-0.5) showing that the latter composition is 

amenable to the click chemistry.  
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To enable the thiol-ene chemistry for oxide nanoimprinting, a photo-curable metal-

containing resin formulation was prepared by mixing titanium-allyl acetoacetate complex 

[Ti(AAAc)4] with PETMP and HMP. Table 6.1 shows the three resin formulations that were 

used for photo-curability studies. The first composition (TA), which does not contain PETMP 

could undergo [2 + 2] photo-addition of alkene double bonds to yield cyclobutane derivative. 

This composition yielded a dry film after UV irradiation. However, the film was found to be 

brittle and easily flaked off of the silicon wafer. This could be due to the excessive photo-

curing of the four-arm alkene-functionalized Ti(AAAc)4 that caused residual stress in the thin 

film.
36

 In the second composition (TAP-0.5), 1/8 equivalent of PETMP with respect to 

Ti(AAAc)4 was introduced to keep the effective available thiol groups per alkene as 0.5. This 

formulation after UV irradiation was found to yield a dry and smooth film that did not suffer 

any peeling off behaviour. This could be attributed to the cushioning effect provided by the 

optimum cross-linking of PETMP that circumvented cracking of the film.  

In the third composition (TAP-1), 1/4 equivalent of PETMP with respect to Ti(AAAc)4 

was used in order to keep the thiol to alkene ratio 1:1. Interestingly, the film obtained with 

this composition was found not fully dry after 20 min of UV irradiation. This is similar to the 

poor photo-curing observed with the metal-free resin containing stoichiometric ratio of allyl 

to thiol. Thus, for the remaining characterization and imprinting studies, we utilized the 

optimized composition of TAP-0.5.  

Fig. 6.3 shows the FT-IR analyses using TAP-0.5 to probe the thiol-ene photo-click 

reaction. As seen from the spectra, the characteristic ester and keto carbonyl groups are 

observed at 1745 and 1718 cm
-1

, respectively. Compared to the metal-free resin, pristine 

Ti(AAA)4 showed two additional characteristic peaks at 1610 and 1532 cm
-1

 that can be 

attributed to the bidendate chelation of the enol form of AAAc.
37

 In addition, the carbon-

carbon double bond of allyl group appeared at 1633 cm
-1

. In the case of TAP-0.5, in addition 

to the above mentioned stretching peaks, a new peak at 2572 cm
-1

 corresponding to the thiol 

appeared. After UV light irradiation, the thiol peak became nearly invisible, while the 

intensity of allyl double bond peak diminished. These changes clearly indicate the occurrence 

of click reaction between the thiol and allyl groups in this system. It is noteworthy that the 

chelation with the metal remains intact even after the UV irradiation, which confirms that the 

metal is entrapped inside the cross-linked polymeric network.  
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Figure 6.3: FT-IR study of thiol-ene photo-addition in the titanium-containing resin TAP-

0.5. 

Figure 6.4: Thermogravimetric analysis of TAP-0.5 resin. 

Fig. 6.4 shows the thermogravimetric analysis (TGA) of TAP-0.5 performed in air. A 

steady mass loss was observed between 100 and 500 °C due to the removal of residual 

solvent, low molecular weight monomers, and polymers. No further mass loss was observed 

above 500 °C, suggesting the complete removal of organics present in the resin. The residual 

inorganic mass corresponding to TiO2 at 500 °C was found to be 10.4% which is in close 

agreement with the theoretical estimated value of 11.9%.  
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To confirm the phases obtained after calcination of the UV-cured TAP-0.5 films, x-ray 

diffraction (XRD) and Raman spectroscopy were performed. The calcination temperature 

was varied from 450 to 650 °C at a constant duration of 1 h to monitor the evolution of the 

phases and the corresponding XRD patterns are presented in Fig. 6.5. As seen from the 

figure, the TAP-0.5 films heat-treated at 450 and 500 °C revealed the formation of phase pure 

anatase. The broad peaks indicate the nanocrystalline nature of TiO2 obtained at these 

temperatures. Above 500 °C, the (101) anatase peak was found to intensify with narrowing of 

the peak, indicating the growth of nanocrystallites to larger crystals (JCPDS 89-4921). At and 

above 600 °C, formation of a small amount of rutile phase is indicated by the appearance of 

(110) plane at 2θ = 27.4°. Applying the Scherrer‟s formula to the (101) plane of anatase TiO2, 

the crystallite size of the samples calcined at 450, 500, 550, 600 and 650 °C are calculated to 

be 6.7, 7.1, 12.0, 15.7, and 15.6 nm, respectively.  

Figure 6.5: XRD patterns of TiO2 obtained by calcination of photo-cured TAP-0.5 thin films 

at various temperatures. 

The Raman spectra of the TiO2 samples calcined at different temperatures looked 

identical (Fig. 6.6). A major peak at 121 cm
-1

 along with weak peaks at 365, 482, and 603 

cm
-1

 were observed in all cases that can be attributed to the respective vibrational symmetries 

of Eg, B1g, A1g, and Eg Raman-active modes of anatase TiO2.
40,70

 Due to the presence in 

minute quantity, the Raman peaks of rutile TiO2 were not observed in the samples calcined at 

600 and 650 °C.  
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Figure 6.6: Raman spectra of TiO2 obtained by calcination of photo-cured TAP-0.5 thin 

films at various temperatures. 

Figure 6.7: (a) Diffuse reflectance spectra and (b) the corresponding Kubelka-Munk plots of 

TiO2 thin films prepared at different temperatures. 

The semiconducting nature of the oxide thin films obtained through the thiol-ene 

approach has been studied using diffuse reflectance spectroscopy. The percentage reflectance 

and their corresponding Kubelka-Munk plots of TiO2 calcined at various temperatures are 

shown in Fig. 6.7 (a) and Fig. 6.7 (b), respectively. The Kubelka-Munk factor (K) is given by 

K = (1–R)
2
/2R, where R is the % reflectance. The intersection of the extrapolated linear 

portion of the curve in (K × energy)
n
 versus energy plot with the energy axis yields the band 

gap of the semiconductor material. For direct band gap materials, the value of n is taken as 2, 

while for indirect band gap material the value is taken as ½. Since TiO2 is an indirect band 

gap material, the value of „n‟ used was ½. The Kubelka-Munk plots show the band gaps of 
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TiO2 calcined at various temperatures to be in the range of 3.3 to 3.45 eV. These values agree 

well with the band gap of anatase TiO2 reported in the literature (3.2 to 3.4 eV) and thereby 

confirming the semiconducting nature of the obtained thin films.
71,72

  

Figure 6.8: FE-SEM images of imprinted lines of TAP-0.5 (a and b) before and (c and d) 

after calcination.  

The metal-containing resin formulations were studied for their suitability for imprinting 

under laboratory conditions. A polydimethylsiloxane (PDMS) stamp was pressed over the 

spin-coated TAP-0.5 film and irradiated with UV light. After demolding, the morphology of 

the photo-cured imprints before and after calcination was characterized using field-emission 

scanning electron microscopy (FE-SEM) and the images are shown in Figure 6.8. The PDMS 

soft mold used in this study possessed a feature size of ~2.1 µm line and ~1.8 µm space (Fig. 

6.9). After patterning of TAP-0.5, the width of the imprinted line and space was found to be 

~1.7 and ~2.3 µm, respectively. The shrinkage of the imprinted lines may be attributed to the 

absorption of the residual solvent by PDMS mold and polymerization. Post-calcination, the 

lines were further shrunk to ~420 nm and the spaces widened to ~3.5 µm. On the whole, the 

TiO2 lines were shrunk to ~25% compared to the as-imprinted lines, which is similar to the 

values previously reported PSG-based literature on TiO2 nanoimprinting.
29,36-38

. The shelf-life 

of the AAAc-based titanium resin was poor and thereby warrants immediate imprinting of the 

formulation. We speculated that this could be due to the vulnerability of titanium for 
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hydrolysis, which was not averted by the chelated AAAc. Therefore, we briefly studied the 

shelf-life and imprintability of a titanium resin in which AAAc was replaced with 2-

(methacryloyloxy)ethyl acetoacetate (MAEAA). This formulation was found to have a good 

shelf life of more than a month. Furthermore, the successful direct imprinting using this 

MAEAA-based thiol-ene resin confirmed that the approach can be extended to other 

chelating monomers as well (Fig. 6.10).  

Figure 6.9: Arial and cross-sectional views of the PDMS mold used in this study. 

Figure 6.10: FE-SEM images of imprinted lines of Ti(MAEAA)4-based resin (A and B) 

before and (C and D) after calcination. 

To substantiate the applicability of this thiol-ene approach for patterning other oxides, 

Ta2O5 was chosen as the candidate due to its potential applications in semiconducting 

devices.
73,74

 Although tantalum is a pentavalent metal, we used 4 equivalents of AAAc in 
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order to match with the corresponding titanium precursor. The resultant resin was found to 

have a good shelf life of more than a month. The PETMP ratio to the AAAc was fixed in the 

similar fashion to that used in TAP-0.5 and the FT-IR analyses before and after UV light 

exposure were performed (Fig. 6.11). The results revealed the disappearance of the –SH 

stretching peak, indicating the occurrence of thiol-ene photo-click chemistry. 
 

Figure 6.11: FT-IR analysis of Ta(AAAc)4 complex, and tantalum-containing resin before 

and after UV irradiation to probe the thiol-ene click reaction. 

Fig. 6.12 shows the TGA, XRD and diffuse reflectance spectra of the tantalum-

containing resin. The TGA profile was observed to be in similar nature to that of TAP-0.5. 

The complete mass loss was found to occur at ~530 °C and the residual inorganic mass 

corresponding to Ta2O5 was observed to be 20.1%. The XRD pattern of Ta2O5 was found to 

be broad, indicating its amorphous nature at this temperature. Therefore, the UV-cured film 

was calcined at 700 °C to obtain crystalline Ta2O5. The XRD analysis of this sample revealed 

well-defined orthorhombic crystalline phase of Ta2O5 (JCPDS No. 79-1375).
75

 The diffuse 

reflectance and the corresponding Kubelka-Munk plots revealed a shallow spectrum for the 

450 °C calcined sample, confirming the amorphous nature of the Ta2O5. The thin film 

calcined at 700 °C was found to exhibit a band gap of 4.26 eV, which is similar to that 

reported in the literature.
76
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Figure 6.12: (a) Thermogravimetric analysis of tantalum-containing resin. (b) XRD patterns, 

(c) diffuse reflectance spectra and (d) Kubelka-Munk plots of Ta2O5 obtained at 450 and 700 

°C.  

UV imprint lithography of the tantalum-containing resin was performed and the FE-SEM 

images corresponding to the as-imprinted and calcined samples are shown in Fig. 6.13. The 

line and space feature sizes of the as-imprinted patterns were found to be ~1.7 and ~2.1 µm, 

respectively. After calcination, the lines were shrunk to ~470 nm and the spaces extended to 

~3.4 µm. The cross-sectional view of FE-SEM images of the as-imprinted and calcined 

samples showed the heights to be ~1.7 µm and 410 nm, respectively. Thus, the lateral and 

vertical shrinkages were found to be ~75% that is similar to the case of TiO2. The very 

similar imprinting behaviour of tantalum-containing resin shows the capability of the thiol-

ene approach to be a potential route for fabricating nanostructures of a host of oxides that 

could find applications in various devices.  
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Figure 6.13: Areal (a and c) and cross-sectional (b and d) FE-SEM images of as-imprinted (a 

and b) and post-calcined (c and d) imprints of tantalum-containing resin.  

6.3 Ring opening polymerization chemistry 

6.3.1 Experimental section 

(i) Synthesis of Oxirane-2-ylmethyl 3-oxobutanoate (Glycidyl acetoacetate or 

Epoxy-functionalized acetoacetate (EAA)) 

EAA was synthesized by following the literature report on trans-esterification reaction 

between alcohol and ester.
77

 Here the ester, 0.86 mmol t-BAA was taken in 12 mL toluene 

and heated to 85 °C. To the pre heated ester, 0.1 mmol glycidol in 2 mL toluene solution was 

slowly added using syringe. The reaction was stirred under inert atmosphere for 3 hours at 

110 °C. After the completion of the reaction, the toluene solvent was evaporated and the 

product was purified by column chromatography using neutral alumina as stationary phase. 

The solvent system used for the purification was 10% of ethylacetane in hexane. In the 

similar way, 3-methyloxetane-3-ylmethyl 3-oxobutanoate (Oxetane-functionalized 

acetoacetate (OAA)) was also prepared and purified.  
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(ii) Resist formulation 

The polymerizable TiO2 resist materials were prepared by the addition of precursor materials. 

Table 5.2 shows the feed ratios and amounts of the precursor materials for the resist 

formulations. Briefly, to make Ti(EAA)4 complex, 1 equivalent of Ti(OEt)4 was added to 4 

equivalents of EAA in a glass vial and stirred for sufficient time to form a homogeneous 

solution. The colour of the resist solution rapidly turned to red, indicating the chelation of the 

EAA with the metal. To this complex, 2 wt% (with respect to EAA) of DPHFP was added to 

induce the photoacid generation upon UV light irradiation. The above formulated resist was 

diluted in 1:1 (wt/wt) ratio with toluene to decrease the viscosity. In a similar way, titanium 

alkoxide treated with different equivalents of EAA were also made and studied for their 

imprintability.  

Table 6.2: Proportions of the components used in the different formulations 

Sample code Titanium (IV) ethoxide 

(mmol) 

EAA/OAA 

(mmol) 

PAG 

(mmol) 

Ti(EAA)1 1 1 0.0075 

Ti(EAA)2 1 2 0.0150 

Ti(EAA)3 1 3 0.0225 

Ti(EAA)4 1 4 0.0300 

Ti(OAA)1 1 1 0.0873 

Ti(OAA)2 1 2 0.0174 

Ti(OAA)3 1 3 0.0262 

Ti(OAA)4 1 4 0.0350 

(iii) Imprinting of metal oxide 

From a polycarbonate mold containing ~2.3 and ~1.7 µm line and space, respectively, PDMS 

stamps were fabricated following the standard procedure as discussed in 6.2.1. In a typical 

nanoimprinting process, the metal-containing resist solution was spin-coated over a silicon 

wafer (20 mm x 20 mm) at 1200 rpm for 60 s. The PDMS mold was then placed on top of the 

wet thin film and a slight pressure was applied. This assembly was subjected to UV 

irradiation with a Hg vapour lamp (125 W) for 1 min to induce the formation of photoacids in 
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the resist matrix. After UV exposure, the assembly was subjected to post exposure baking 

(PEB) by placing on hot plate at 110 °C for 3-5 min. After PEB, the PDMS stamp was 

carefully demolded and the imprints were subjected to calcination at designated temperatures 

for 1 h to obtain metal oxide patterns. 

6.3.2 Results and discussions 

Figure 6.14: Chemical structures of EAA, OAA and PAG. 

In order to successfully fabricate metal oxides, the choice of the resist materials is the 

foremost criterion. So far, the reported polymerizable approach using methacrylate and thiol-

ene chemistry used reactive diluents, due to which the metal content in the final resin 

formulation was relatively lesser, which led to ~75% shrinkage after nanoimprinting followed 

by calcination. Keeping this in mind, we aimed to increase the metal content in the resin 

formulation in order to increase the ceramic yield and thereby to decrease the shrinkage. In 

this context, we designed two low molecular monomers that contain epoxy/oxetane group at 

one end that could undergo cationic ring opening polymerization and acetoacetate group on 

the other end to facilitate chelation with the metal of interest. Among the two monomers, 
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epoxy acetoacetate (EAA) was synthesized by a trans-esterification reaction reported in the 

literature. However, there is no literature report on the synthesis of OAA. Following the 

synthetic route of EAA, we have successfully synthesized OAA as well. The chemical 

structures of the monomers and photo-acid generator (PAG) are shown in Fig.6.14. The resist 

formulation reactions are shown in Fig. 6.15. 

Figure 6.15: Resist formulation reactions of (a) Ti(EAA)4 and (b) Ti(OAA)4. 

The synthesized monomers were characterized using NMR spectroscopy. Fig. 6.16 (a) 

shows the 
1
H NMR spectra of the EAA. 

1
H NMR spectra of EAA shows characteristic peaks 

at  values (ppm) 2.28 (s, 3 Ha), 2.67 (dd, 1 Hf), 2.86 (dd, 1 Hg), 3.23 (m, 1 He), 3.53 (s, 2 

Hb), 4.0 (dd, 1 Hc), and 4.42 (dd, 1 Hd). Further, 
13

C NMR spectrum shows the peaks with  

values (ppm) 30.12 (C7), 44.53 (C1), 49.06 (C5), 49.57 (C2), 65.59 (C3), 166.80 (C4), 200.27 
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(C6) (Fig. 6.16 (b)). The both spectra were found to be matching with the reported values and 

thus confirmed the successful synthesis of the compound.
77

 

Figure 6.16: (a) 
1
H-NMR and (b) 

13
C-NMR spectra of the synthesized EAA in CDCl3 

solvent. 

Fig. 6.17 (a) shows the 
1
H NMR of OAA with peaks  1.34 (s, 3Hd), 2.28 (s, 3 Ha), 

3.54 (s, 2 Hb), 4.24 (d, 2 He), 4.39 (d, 2Hf), 4.52 (d, 2 Hc). 
13

C NMR spectrum of OAA shows 

the peaks with  values (ppm) 21.09 (C3), 30.18 (C8), 39.02 (C2), 49.84 (C6), 69.37 (C4), 
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77.46 (C1), 167.15 (C5), 200.32 (C7) (Fig. 6.17b). The chemical shift, splitting pattern and the 

integral values have proved the successful synthesis of OAA. Fig. 6.18  shows the 
1
H NMR 

spectrum of the as-procured Titanium (IV) ethoxide. The peaks at 1.25 and 4.35 are 

corresponding to (CH3) and (CH2) protons of the ethoxide group. The peaks appear to be 

broader due to the linkage of ethoxide group to the metal centre. 

Figure 6.17: (a) 
1
H-NMR and (b) 

13
C-NMR spectra of the synthesized OAA in CDCl3 

solvent. 
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Figure 6.18: 
1
H-NMR spectrum of as procured Ti(OEt)4 in CDCl3 solvent. 

After the successful preparation of the monomers, the metal containing resist 

solutions were prepared by mixing EAA and OAA separately with titanium (IV) ethoxide in 

different proportions. Initially, to probe the metal-monomer chelation, the synthesized 

monomers were mixed with titanium ethoxide in 4:1 ratio and the 
1
H NMR spectra of the 

obtained products, Ti(EAA)4 and Ti(OAA)4, were recorded (Fig. 6.19). After chelation, 

characteristic peaks of free ethanol at  values 1.22 (m, CH3), 3.71 (m, CH2), 1.98 (s, OH) 

were found, which confirmed the successful replacement of ethoxy groups by the 

acetoacetate moieties (Fig. 6.19 (a)). Apart from this, the spectrum of Ti(EAA)4 was largely 

found to match with the spectrum of EAA, expect the peak at which corresponds to 

the proton of the (COCHCO).
78

 The integral value of the number of protons at this was 

0.43, instead of the expected 1.00. This could be because of the incomplete or reversible 

chelation of the monomer to the metal. The previous literature on the metal-acetoacetate 

chelation reported high yield complexation reaction. However, the occurrence of partial 

chelation indicates that the lone pair of oxygen in the epoxy group might be interacting with 

the electropositive central metal ion (Ti
4+

). It is also speculated that such an interaction could 

have shifted the equilibrium of the chelation reaction modestly towards the left. The similar 

behaviour in the 
1
H NMR was also observed with Ti(OAA)4 (Fig. 6.19 (b)).  
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Figure 6.19: 
1
H-NMR spectra of formulated (a) Ti(EAA)4 and (b) Ti(OAA)4 in CDCl3 

solvent. 

To further probe the extent of chelation of the metal with acetoacetate group of the 

monomers, FT-IR studies were performed on the above mentioned resist formulations. Fig 

6.20 (a) shows the IR spectra of EAA and Ti(EAA)4 before and after ring opening 

polymerization. EAA showed the prominent peaks at 1746 cm
-1

 and 1712 cm
-1 

corresponding 

to the ester and keto carbonyl groups, respectively. In addition, the characteristic epoxy 

signature peak at 914 cm
-1

 was also observed.
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Figure 6.20: FT-IR analysis of titanium containing (a) EAA and (b) OAA resist 

formulations. 

Ti(EAA)4 resist showed new peaks at 1624 and 1532 cm
-1

, which correspond to the 

bidendate chelation of the enol form of EAA with the metal center.
37

  However, the intensity 

of the ester and keto peaks was found to be higher than that of symmetric and asymmetric 

stretching peaks of the chelated carbonyl group. This observation is in line with the 
1
H NMR 

analysis and indicate incomplete or reversible chelation between EAA and metal centre. After 

UV exposure followed by PEB, the spectrum remained almost similar to the metal containing 
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resist, except the epoxy peak. The signature epoxy functional group peak at 914 cm
-1 

was 

found to be disappeared after PEB, indicating the participation of epoxy functional group in 

the ring opening polymerization. The intensity of peaks corresponding to the chelation was 

unchanged after the polymerization, indicating the stability of the metal-monomer chelation. 

Similar trend was observed with the Ti-containing OAA resist (Fig. 6.20 (b)). In this case, the 

characteristic oxetane ring breathing at 979 cm
-1

 was found to disappear after curing, which 

confirmed the occurrence of cationic ring opening polymerization in this system as well.
81

 

To monitor the chelation further, UV-Vis absorption spectra was recorded for the as-

synthesized EAA and Ti(EAA)4 in CHCl3 solvent and the results are shown in Fig. 6.21 (a). 

It can be seen from the figure that EAA shows max at 245.5 nm due to the keto functional 

groups of acetoacetate. On addition of Ti-ethoxide, the intensity of the peak at 245.5 nm is 

increased due to the formation of six membered ring between the metal and EAA. The similar 

trend was observed with OAA and Ti(OAA)4 (Fig. 6.21 (b)). 

Figure 6.21: UV-Vis absorption spectra (a) EAA and Ti(EAA)4 and (b) OAA and Ti(OAA)4 

resist formulations in CHCl3 solvent. 

The Ti(EAA)4 resin was spin coated over the quartz plates and recorded the UV-Vis 

spectra (Fig. 6.22). The spectrum of Ti(EAA)4  shows the absorption below 250 nm is  due to 

the chelation of the metal to the monomer. The spectrum after UV irradiation is almost 

similar and the absorption decreases after the polymerization step. Considerable amount of 

absorption is remained even after the polymerization, indicates that the metal is still is intact 

with the monomer. Hence the polymerization step did not interference the chelation of the 

metal with monomer and provided the metal containing polymer thin film post imprinting. 
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Figure 6.22: UV-visible absorbance spectra of Ti(EAA)4  thin film (coated over quartz 

substrate). 

Figure 6.23: (a) Thermogravimetric analysis (TGA) of different Ti-EAA formulations. 

The thermogravimetric analysis (TGA) of EAA-based formulations was performed in 

air (Fig. 6.23 (a)).  It can be seen from the figure that the first step of mass loss occurred 

between 100 and 350 °C corresponding to the loss of solvent and unreacted monomers. The 

second step of mass loss between 350 and 550 °C was observed that could be attributed to the 

thermal decomposition of the polymer. No mass loss was observed above 550 °C, resulting in 

a stable residual mass corresponding to the formation of TiO2. The residual mass of TiO2 was 
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observed to be 11.5% with Ti(EAA)4. As expected, the mass loss was increased as the 

content of monomer in the resin formulation was increased. The similar trend was observed 

with OAA-based formulation and the results are shown in Fig. 6.23 (b). The residual mass of 

the materials after calcination step were tabulated in Table 6.3.  

Figure 6.23: (b) Thermogravimetric analysis (TGA) of different Ti-OAA formulations. 

Table 6.3: Theoretical and experimental mass of residual TiO2 of different formulations 

Sample code Residual mass (%) 

Theoretical  Experimental 

Ti(EAA)1 23.6 29.4 

Ti(EAA)2 17.8 19.4 

Ti(EAA)3 14.3 15.0 

Ti(EAA)4 11.9 11.5 

Ti(OAA)1 21.7 29.8 

Ti(OAA)2 15.7 19.4 

Ti(OAA)3 12.3 15.6 

Ti(OAA)4 10.1 10.8 
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As mentioned in the Table 6.2, four resist formulations with respect to each monomer 

were made and studied for their imprintability.. The morphology of the imprints before and 

after calcination were analysed using FE-SEM. The PDMS mold used for the imprinting was 

having the pattern line width of ~2.1 m and space width of ~1.8 m. The patterns were 

successfully transferred onto the film with the line size of ~1.6 m and space of ~2.33 m. 

The thin films of Ti(EAA)1 and Ti(OAA)1 were found to be brittle and peeled off on 

demolding (data not shown). This could be due to the lesser monomer content that could have 

resulted in poorer degree of polymerization. With Ti(EAA)2 and Ti(OAA)2, the imprints were 

obtained with cracks at the macroscopic scale (Fig. 6.24). However, these imprints also 

suffered poorer stability and flaked off during calcination. When the metal to monomer ratio 

was increased to 1:3 and 1:4, the obtained imprints were smoother and mechanically stable 

even after the calcination. Thus, the good quality imprints was obtained with the resist 

materials containing three and four equivalents of monomers. 

Figure 6.24: FE-SEM images of the imprints using resist formulations of (a, b) Ti(EAA)2 

and (c, d) Ti(OAA)2. 

Fig. 6.25 and 6.26 shows the area and cross sectional morphology of the imprinted 

films of Ti(EAA)3 and Ti(OAA)3. The imprints before calcination contain the line of ~1.55 

m and space of 2.5 m. After calcination, the patterns shrunk to ~52% of the original size in 

of the polymer film and thus exhibited ~48% pattern shrinkage. Whereas, the shrinkage 

increased and the patterns retained ~40% of original size in case of Ti(EAA)4 and Ti(OAA)4, 

which corresponds to ~60% pattern shriknage(Fig. 6.27 and 6.28). The increased shrinkage is 

because of the high amount of monomer, which will be burnt off during heat treatment. 

1.67 m 

2.33 m 

1.68 m 

2.36 m 

(a) 

(c) (d) 

(b) 



 

                                                                                                                                     Chapter 6 

178 
 

Hence the optimum condition to overcome the shrinkage is 1:3 ratios of the metal alkoxide to 

the monomer. Furthermore, this composition has resulted in ~48% of pattern shrinkage, as 

opposed to the previously reported 70-80% shrinkage using PSG approach. Both the 

monomers EAA and OAA were suitable for better imprinting and retainable patterns as the 

thin films. 

Figure 6.25: Areal and cross sectional FE-SEM images of the imprints of Ti(EAA)3 (a-c) 

before and (d-f) after calcination. 

Figure 6.26:  Areal and cross sectional FE-SEM images of the imprints of Ti(OAA)3 (a-c) 

before and (d-f) after calcination. 
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Figure 6.27:  Areal and cross sectional FE-SEM images of the imprints of Ti(EAA)4 (a-c) 

before and (d-f) after calcination. 

Figure 6.28: Areal and cross sectional FE-SEM images of the imprints of Ti(OAA)4 (a-c) 

before and (d-f) after calcination. 

The imprinted thin films were calcined at 450 °C and the phase of TiO2 was analysed 

using X-ray diffraction (XRD). Fig. 6.29 shows the XRD pattern of the thin films of TiO2 

prepared from Ti(EAA)4 and Ti(OAA)4. In both the cases phase pure form of anatase TiO2 

(JCPDS 89-4921) was after calcination. The broad peaks are due to nanocrystalline nature of 

the material. The crystallite size of the materials was calculated using Scherrer‟s formula and 

the values are found to be 6.5 and 8.2 nm for TiO2 thin films formed from Ti(EAA)4 and 

Ti(OAA)4 respectively. The calcined thin films were analysed with diffuse reflectance 
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spectroscopy to calculate the band gap of the material (Fig. 6.30). The band gap was 

calculated from Kubelka-Munk plot and the band gap varies from 3.9 to 4.2 eV which is in 

accordance with UV region of the spectrum. The high band gaps could be attributed to the 

quantum confinement in the nanocrystalline TiO2 thin films. 

Figure 6.29: X-ray diffraction of the thin films of TiO2 prepared from Ti(EAA)4 and 

Ti(OAA)4. 

Figure 6.30: Kubelka-Munk plot of thin films of TiO2 prepared from Ti(EAA)4 and 

Ti(OAA)4. 
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5.4 Conclusions 

In summary, thiol-ene photo-click chemistry has been successfully applied to the fabrication 

of metal oxide micro/nanostructures via imprinting. When PETMP and AAAc were mixed to 

keep the allyl to thiol ratio as 1:1, the FT-IR studies revealed poor efficiency of the thiol-ene 

photo-click chemistry. When allyl to thiol ratio was kept as 1:0.5, the thiol-ene photo-click 

chemistry was found to be efficient under ambient conditions, possibly due to the enhanced 

probability of the reaction between –SH group and the abundant alkene. The metal-

containing resin consisted of chelated titanium alkoxide with AAAc (or MAEAA) with 

suitable proportion of PETMP cross-linker, and HMP photo-initiator. With the optimal 

amount of allyl to thiol ratio as 1:0.5 (TAP-0.5), the resin exhibited excellent photo-curability 

to yield stable, crack-free, and dry thin film. The XRD and Raman analyses revealed the 

formation of anatase TiO2 phase at temperatures below 550 °C, above which a small amount 

of rutile formation was confirmed with XRD. The diffuse reflectance spectroscopy revealed 

the semiconducting nature of the thin film TiO2. The imprinting studies demonstrated the 

patternability of the titanium-containing resin to fabricate micro/nanostructures of TiO2. 

Successful extension of this thiol-ene photo-click chemistry for patterning Ta2O5 confirmed 

the leeway of this approach towards fabrication of various functional oxide nanostructures.  

Afterwards this polymerizable sol-gel approach was effectively extended to imprint the 

metal oxide nanostructures in NIL using epoxy and oxetane based resist materials. Two 

monomers, EAA and OAA, have been successfully synthesized and chelated with titanium to 

obtain metal-containing resist. UV exposure followed by PEB during the imprinting of the 

metal-containing containing resist resulted in cationic ring opening polymerization. The 

occurrence of the epoxy and oxetane ring opening was confirmed by FT-IR analyses. In this 

approach, the usage of reactive diluents was completely avoided and thereby increased the 

residual metal content in this resist. This was found to result in higher ceramic yield, due to 

which the net shrinkage was decreased, when compared to the previous sol-gel polymerizable 

approach. The optimum ratio of the metal alkoxide to the monomer was found to be 1:3, 

which exhibited a pattern shrinkage of ~48%, as opposed to the previously reported 70-80% 

size reduction in TiO2. The results show that the epoxy and oxetane based resins can be 

promising candidates for creating functional patterned oxides with high pattern density that 

would be suitable for several semiconducting, catalytic and sensing applications.  
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Chapter 7: Conclusions and future perspective 

7.1 Conclusions 

Synthesis of various supported and non-supported metal oxide nanomaterials such as TiO2, 

Fe2O3 and WO3 through polymerizable sol-gel (PSG) route have been studied systematically 

in this thesis. In addition, the surface functionalization and fabrication of metal oxide nano-

structures have been discussed. 

Briefly, the chapter 1 provides a broad introduction to the metal oxide nanomaterials 

and various synthetic approaches to achieve them. Several characterization techniques and 

applications of the metal oxide nanomaterials were also explained in this chapter. In the 

subsequent chapter 2, the chemicals and characterization tools were listed, which were 

utilized for the synthesis and analysis of the materials. 

Chapter 3 describes the design and synthesis of TiO2 supported zeolite-4A by tailored 

polymerizable sol-gel method. The hydrolysis of the precursor blend of Ti-dimethacrylate 

diisopropoxide and the industrial grade zeolite-4A under vigorous shaking produced a 

homogeneously mixed polymerizable gel in the zeolite matrix. Upon inducing the free radical 

polymerization at 125 °C, this gel produced a polymer coating on the top of the support. 

Further calcination at 450 °C for 4 hours yielded highly dispersed TiO2 anchored on the 

zeolite-4A. DRS revealed a clear trend in decreasing the band gap from 3.81 to 3.66 eV when 

TiO2 content in the matrix was increased from 10 to 30 wt% indicating the nano-crystallinity 

of TiO2 particle. Surface area measurement disclosed an enhancement of surface area by ~2.5 

times for the customized sol-gel synthesized 20 % TiO2/zeolite-4A than that of the physical 

blend of 20 % TiO2 and zeolite-4A. The photocatalytic activities of the catalysts were studied 

by measuring the photodegradation of methylene blue. The catalysts showed pH dependence, 

and the rate was faster in alkaline medium. The polymerizable sol-gel synthesized catalyst 

was found to have superior catalytic activity to the physical blend of TiO2 and zeolite-4A. To 

improve the adsorption capacity of the catalyst, GO was anchored on to TiO2 and zeolite-4A. 

This investigation deals in detail with the synthesis of GO by an improved oxidation method 

from graphite flakes, and pure TiO2 by the polymerizable sol–gel route. The GO was partially 

photoreduced in alcoholic medium in the presence of TiO2 and in the process the RGO was 

anchored onto the TiO2 surface. The RGO/TiO2 was dispersed on zeolite-4A for better 

adsorption efficiency. The partial reduction of GO to RGO over TiO2 was evidenced from 

XRD, FT-IR and Raman spectroscopy. The adsorption of methylene blue over 

RGO/TiO2/zeolite-4A was found to be following the Langmuir isotherm model. The 
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adsorption kinetics was fitted well with the pseudo first order kinetic model. The high 

adsorption as well as photocatalytic degradation efficiency of RGO/TiO2/zeolite-4A towards 

MB paves the way for new advanced bifunctional materials for environmental applications. 

Since the route offered facile reaction conditions and enhanced material properties, it 

can be considered as a potential approach to synthesize other supported metal oxides for 

environmental remediation. The materials can be applied for degradation of other dyes and 

antibiotics. 

In chapter 4, TiO2/Fe3O4 catalysts with various loading of TiO2 were synthesized by the 

polymerizable sol–gel route. The XRD and SEM characterization revealed high dispersion of 

TiO2 over Fe3O4. BET surface area measurements revealed increase in surface area with 

increase in TiO2 loading. The surface of the Fe3O4 was found to be partially oxidized to 

Fe2O3 during the calcination step. The DRS showed the semiconducting band gaps of TiO2 

and calcined Fe3O4. The TiO2/Fe3O4 composite catalysts showed higher rate of 

photoreduction of Cr(VI) than the non-supported bulk TiO2 as well as calcined Fe3O4. The 

photoreduction mechanism was probed by using hole as well as electron scavengers. The 

photocatalytic studies show that the anchoring of TiO2 over Fe3O4 results in three-fold 

advantage. First, when the TiO2 is anchored over Fe3O4, the dispersion of the active site was 

higher. This is a crucial one for achieving higher reaction rate. Second, the significant band 

overlap of TiO2 and Fe3O4 helped decreasing the electron-hole recombination reaction, thus 

enhancing the photoreduction rate. Third, Fe3O4 being a magnetic nanoparticle, the magnetic 

recyclability of the catalyst was convenient. 

To extend the photocatalytic activity towards visible light from UV light, the suitable 

Fe3O4@Fe2O3/Al2O3 catalysts were synthesized by the customized co-precipitation method. 

XRD and TEM analyses showed that the calcined Fe3O4 crystals, which were of inverse 

spinel structure, were highly dispersed over nano -Al2O3 support and the surface area of the 

composite was significantly higher than that of the individual components. XPS and Raman 

studies confirmed that Fe3O4 was partially oxidized to Fe2O3 due to calcination step during 

post co-precipitation synthesis. The Kubelka-Munk plot obtained from diffuse reflectance 

spectra showed the semiconducting band gap of Fe2O3, which was suitable for visible light 

photoreduction activity. The rate of Cr(VI) photoreduction over 5% Fe3O4@Fe2O3/Al2O3 was 

as high as 14.2 mol L
-1 

min
-1 

g
-1 

under direct sunlight. The 40% Fe3O4@Fe2O3/Al2O3 retained 

the magnetic property as in bulk Fe3O4 and the composite was magnetically recovered to 

show unaffected high rate of photoreduction till four cycles. The current investigation is a 
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proof of concept towards enhanced environmental catalytic application of highly dispersed 

active semiconducting nanomaterials. 

Another metal oxide suitable for the photocatalytic reduction of Cr(VI) in visible 

radiation is WO3. Therefore, WO3 was synthesized at three different temperatures through a 

facile polymerizable sol–gel approach. The isothermal thermogravimetric analysis revealed 

that the calcination temperature to obtain nano-crystalline WO3 can be as low as 450 °C. The 

XRD and FE-SEM analyses showed the presence of nano-crystalline domains in WO3-450, 

whereas the raise in calcination temperature resulted in increased crystallinity. The diffuse 

reflectance analysis showed higher band gap value for WO3-450 and WO3-650 as compared 

to that of WO3-850 due to the quantum confinement in the nano-crystalline domains. The 

XPS analyses revealed the presence of oxygen non-stoichiometry in the lower temperature 

calcined samples. The highest photocatalytic activity towards Cr(VI) reduction was reached 

with WO3-450. The trend in the catalytic efficacy was explained in terms of nano-

crystallinity, surface area, non-stoichiometry and valence band profile. 

In chapter 5, facile surface functionalization of PEI over alumina nanopowder was 

accomplished in a two-step approach and showed the utility of the PEI-coated alumina 

nanopowder towards effective adsorption of palladium. The sorption parameters of palladium 

were studied through pH effect, contact time, amount of adsorbent, concentrations and 

temperature. The optimum pH for the adsorption of Pd(II) was found to be 6.0 and the 

adsorption adhered to the pseudo second-order kinetics. While the native alumina showed an 

adsorption capacity of 35.08 mg g
-1

, the PEI-AO exhibited a high adsorption capacity of 97.7 

mg g
-1

, obtained through Langmuir adsorption isotherm. The exothermic nature of adsorption 

process and the negative free energy obtained at various temperatures confirm the spontaneity 

of adsorption. XPS analysis of Pd-PEI-AO, and rPd-PEI-AO revealed the favourable 

interaction of PdCl4
2-

 with nitrogen moieties of PEI. XRD studies on these samples revealed 

an increase in the crystallinity of palladium after reduction. The catalytic reduction of 4-NP 

and Cr(VI) using Pd-PEI-AO was found to proceed with rates as high as 125 mmol L
-1

 min
-1 

g
-1

 and 67 mmol L
-1

 min
-1 

g
-1

, respectively. Hydrogen generation from ammonia borane was 

found to be efficient with Pd-PEI-AO with a rate of 10.5 mol min
-1 

g
-1

 at 10% conversion. 

Recyclability of Pd-PEI-AO was studied up to 5 cycles in all the three catalytic reactions, 

which revealed the potential of the sorbent for efficient reusability. The amine-

functionalization strategy presented in this work could also show potential in recovering and 

reusing other precious metals such as gold, platinum, and rhodium. The functionalization 
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procedure can be transferred for other functional groups on different support materials such 

as SiO2, TiO2 etc. 

In chapter 6, thiol-ene photo-click chemistry has been successfully applied to the 

fabrication of metal oxide micro/nanostructures via imprinting. When PETMP and AAAc 

were mixed to keep the allyl to thiol ratio as 1:1, the FT-IR studies revealed poor efficiency 

of the thiol-ene photo-click chemistry. When allyl to thiol ratio was kept as 1:0.5, the thiol-

ene photo-click chemistry was found to be efficient under ambient conditions, possibly due to 

the enhanced probability of the reaction between –SH group and the abundant alkene. The 

metal-containing resin consisted of chelated titanium alkoxide with AAAc (or MAEAA) with 

suitable proportion of PETMP cross-linker, and HMP photo-initiator. With the optimal 

amount of allyl to thiol ratio as 1:0.5 (TAP-0.5), the resin exhibited excellent photo-curability 

to yield stable, crack-free, and dry thin film. The XRD and Raman analyses revealed the 

formation of anatase TiO2 phase at temperatures below 550 °C, above which a small amount 

of rutile formation was confirmed with XRD. The diffuse reflectance spectroscopy revealed 

the semiconducting nature of the thin film TiO2. The imprinting studies demonstrated the 

patternability of the titanium-containing resin to fabricate micro/nanostructures of TiO2. 

Successful extension of this thiol-ene photo-click chemistry for patterning Ta2O5 confirmed 

the scope of this approach towards fabrication of various functional oxide nanostructures. 

Afterwards, this polymerizable sol-gel approach was effectively extended to imprint the 

metal oxide nanostructures in NIL using epoxy and oxetane based resist materials. Two 

monomers, EAA and OAA, have been successfully synthesized and chelated with titanium to 

obtain metal-containing resist. UV exposure followed by PEB during the imprinting of the 

metal-containing containing resist resulted in cationic ring opening polymerization. In this 

approach, the usage of reactive diluents was completely avoided and thereby increased the 

residual metal content in this resist. This was found to result in higher ceramic yield, due to 

which the net shrinkage was decreased, when compared to the previously reported 

polymerizable sol-gel approach. The optimum ratio of the metal alkoxide to the monomer 

was found to be 1:3. The patterns were retained even after the annealing and formed 

crystalline TiO2. 
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7.2 Future Perspective 

Development of novel photoresist materials is a continually evolving field. In this thesis, a 

polymerizable sol-gel approach, which is highly scalable, has been used for the bulk 

synthesis of various oxides and supported oxides. Though only a limited number of oxides 

have been demonstrated by this approach, a numerous other oxides and mixed oxides are also 

possible to be designed and synthesized. Furthermore, different support candidates that vary 

in their role towards catalysis/environmental remediation can also be used. The synthetic 

strategy can evolve to introduce a variety of dopant into the active semiconductor. All these 

variants can be explored for their photocatalytic behaviour. In particular, several industrially 

used dyes such as congo red, indigo etc., and active pharmaceutical ingredients that are 

released into the aquatic environment can be studied for their photodegradation. Another 

important avenue is the application of these materials in photovoltaics, wherein the active 

semiconductor material is made into an integral part of the semiconducting device. Such 

devices are highly useful in solar energy harvesting through photovoltaics and 

photoelectrochemical cells. 

Nanoimprinting of oxides is fundamentally important as the nanostructured materials exhibit 

enhanced properties. The photo-click chemistry and ring opening polymerization approaches reported 

in this thesis can be extrapolated to various oxides. In particular, the epoxy and oxetane based ring 

opening polymerization chemistry is found to be highly promising in obtaining the oxide 

nanostructures with less shrinkage. It would be interesting to design and imprint doped and 

multicomponent oxides through this approach. All such functional nanoimprints can be studied 

directly for their semiconducting and catalytic applications. 
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