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                                      Summary and Conclusions 

 

Introduction 

Metal oxides exhibits diverse properties which makes them to be suitable material to study in 

various applications. Nanomaterials and nanocomposites can be obtained depending upon the 

methods of synthesis. Nanomaterials are materials having dimension of approximately 1 to 100 

nm. Nanocomposites are composites in which at least one of the phases shows dimensions in the 

nanometer range (1 nm = 10
-9

 m). Conventional composites materials differ from the 

nanocomposites due to their exceptionally high surface to volume ratio. 

In the present investigation two metal oxides i.e Fe2O3 and TiO2 are studied with regards to their 

synthesis, characterization and applications, either alone or as nanocomposites with graphene. 

These metal oxides have low cost, are readily available and also less toxic [1-7]. 

Graphene has attracted attention in the scientific community due to its exceptional electronic, 

electrical, and mechanical properties. Particularly, the easy preparation of graphene like 

materials, such as, highly reduced graphene oxide (HRG) via reduction of graphene oxide (GO), 

offers a wide range of possibilities for the preparation of graphene based inorganic 

nanocomposites. 

 The investigation carried out in this thesis is presented in the following six chapters. 

Chapter 1: General introduction  

 This chapter highlights the structural aspects of the materials used and principles behind their 

characterization and application. 

 There are several polymorphic forms of iron oxides such as -Fe2O3 (haematite),Fe2O3 
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(maghemite), -Fe2O3 and  Fe2O3Fe2O3 is a n-type semiconductor with an ability to 

absorb large portion of the visible solar spectrum due to its band gap of approximately 2.1eV. 

Additionally, it is low cost, non-toxic and chemically stable material. TiO2 is also an n-type 

semiconductor with band gap of 3.2 eV. Its electronic and optical properties makes it one of the 

interesting metal oxide to study in catalysis, photocatalysis and in electrical devices such as 

sensors, solar cells, electrochemistry. 

TiO2 has three well known polymorphs designated as anatase, rutile and brookite and each form 

has its own unique characteristics. This chapter also briefly illustrates the principles of the   

characterization techniques used which include IR spectroscopy, XRD, UV-Vis spectroscopy, 

Raman analysis, TEM, SEM-EDAX, magnetic and electrical measurements, cyclic voltammetry 

and ESR analysis. 

 Synthesized metal oxides are being studied for their application in catalysis, photocatalysis 

supercapacitors and fuel cell study. 

 

Chapter II: Synthesis and catalytic activity of iron oxide  

This chapter describes urea induced synthesis of the -phase of Fe2O3 also known as hematite. 

The synthesis is carried out by combustion of ferric nitrate in presence of varying proportion of 

urea. It resulted in a high surface area metal oxide when the ratio of ferric nitrate and urea was in 

1:2 molar ratio. 

An important finding was, ferromagnetic behavior of the -Fe2O3 samples thus synthesized. The 

saturation magnetism was in the range 4 to 15 emu/g, whereas the conventionally synthesized -

phase is known to be antiferromagnetic.  

 The samples were investigated for their catalytic activity towards decomposition of H2O2, both 
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in presence and absence of sunlight. The samples showed a large photo Fenton effect. The 

catalysts were magnetically separable. Mechanism is proposed for the photo Fenton effect. The 

following illustration summarizes the above observations. 

                        

               Fig. 1 photo Fenton process of the synthesized ferromagnetic -Fe2O3. 

 

Chapter III: Synthesis and catalytic activity of TiO2 

This chapter describes synthesis of TiO2 by following two different approaches 

(i) Synthesis of TiO2 using Titanium isopropoxide and urea and the supported forms of TiO2  

     using ZSM-5 zeolites of different Si/Al ratios. 

(ii) Synthesis of sulphated TiO2. 

The samples were characterized by XRD, IR and TPD (temperature program desorption) as well  

pyridine adsorption studies were also carried out to characterize the active sites. The catalytic 

activity was studied for esterification of acetic acid using n-butanol. 
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Zeolite supported TiO2 showed superior catalytic activity as compared to the activity of pure 

TiO2 or pure zeolite. The catalyst was found to be stable over 3 cycles of esterification reaction 

and obeyed second order kinetics.  

The synthesis of sulphated TiO2 was carried out by a new method involving use of hydrazine 

sulphate as sulphating agent. This method produced sulphated TiO2 with smaller crystallite sizes 

in the range of 15-20 nm. The samples also exhibited higher surface area and higher 

concentration of active acid sites. This sulphated TiO2 gave a high % conversion as compared to 

the similarly synthesized TiO2 using ammonium sulphate or sulphuric acid as sulphating agents. 

The catalyst was then converted into a magnetic nanocomposite with Fe3O4 and it was found to 

be stable over 5 cycles of esterification reaction. It could also be easily recovered from the 

reaction mixture by an external magnet.  

 

Chapter IV: Photocatalysis 

Photocatalysis is UV or visible light induced catalysis often coupled with one of the advanced 

oxidation processes, through which harmful pollutants can be degraded with the help of a 

catalyst. TiO2 exhibits favorable band gap and other surface properties which makes it suitable to 

study for the photocatalysis. Similarly iron oxide is also a simple versatile material having ability 

to cause photocatalysis using visible light. In the present investigation, TiO2 and Fe2O3 are 

obtained by newer synthetic strategies and their applicability is tested for photocatalytic 

degradation of methylene blue (MB) and 4-Nitrophenol (4-Np) which are some of the toxic 

pollutants in water. 

 In the present chapter sulphated TiO2 was used as precursor to obtain photocatalytically active  

TiO2. On the other hand iron oxide photocatalyst was synthesized from a precursor obtained 
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using Fe (III) nitrate, urea, and oxalic acid in presence of water.   

It was characterized by IR, Raman, ESR, UV-Vis, analysis wherein the shift in the respective 

peak or band positions were observed. The TiO2 samples thus obtained had low particle sizes and 

caused rapid degradation of MB and 4-Np. Further, synthesized iron oxide had a very small 

particle size (5 nm) and relatively very large surface area (242 m
2
/g). It showed near 

superparamagnetic behavior with saturation magnetism of 8 emu/g. It caused rapid degradation 

of 4-Np in sunlight in presence of H2O2. It was stable upon recycling and could be recovered 

back via external magnetic field without significant loss of activity or magnetism. 

               

Chapter V: Nanocomposites for supercapacitor applications 

In an energy storage devices such as in supercapacitors there is increasing demand for the 

developing of the materials The desirable characteristic of the materials is that they should be 

low cost, environmentally safe and chemically stable. The present investigation deals with 

synthesis and characterization of TiO2, Fe2O3, ZnFe2O4 and their composites with graphene. 

Their capacitance behavior is evaluated by cyclic voltammetry. 

These metal oxides show supercapacitance behavior with specific capacitance ranging from 30 -

60 F/g at a faster scan rate of 100 mV/s. They showed much higher capacitance at slower scan 

rates. 

The specific capacitance was significantly enhanced when these materials were blended into 

nanocomposites with graphene. The nanocomposite TiO2-ZnFe2O4- graphene was particularly a 

promising material for use in supercapacitors.  

 

Chapter VI: Electrocatalytic materials for H2O2 fuel cell 
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H2O2 fuel cell is one compartment fuel cell in which H2O2 is used both as a fuel as well as an 

oxidant. For an H2O2 fuel cell theoretical voltage expected is around 1.09 volt. Iron 

pthalocaynine as well as Prussian blue are considered promising electrocatalytic materials for the 

cathode [8-12]. In the present investigation iron oxide graphene nanocomposites are shown to be 

potential electrocatalysts. The iron oxides are synthesized from precursors prepared from Fe (III) 

nitrate, urea and oxalic acid by simple combustion method. The electrocatalytic activity of these 

oxides was found to increase significantly in presence of graphene. The iron oxides which were 

not active for H2O2 decomposition were found to be better suited as electrocatalytic material. 
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The well known metal oxides Fe2O3 and TiO2 continue to evoke considerable interest and are 

probably among the most investigated transition metal oxides, as their applications are dependent 

on newer and alternate synthetic strategies. They show enhancement in property when combined 

together to form nanocomposites or supported with graphene. The present introductory chapter 

presents an overview of these materials and background information related to their synthesis, 

characterization as well as applications in catalysis, photocatalysis, fuel cells and 

supercapacitors. 

 

1.1 Metal oxides and their properties  

Metal oxides represents a very interesting class of materials owing to their diverse properties and 

applications. They possess unique physical and chemical properties. They are therefore studied 

in different applications. e.g catalysis, gas sensors, batteries, supercapacitors, fuel cells, 

photocatalysis, and various biomedical applications. Some metal oxides can be made to have 

enhanced reactivity by introducing defects e.g the defects can be either oxygen vacancies or 

metal interstitials. Defects can be of two types 1) metal excess defect and 2) metal deficiency 

defect. 

The metal excess defect arises due to anionic vacancies: 

In this case, negative ions are missing from their lattice sites leaving holes in which the electrons 

remain entrapped to maintain the electrical neutrality. 

 Metal deficiency defect is due to the presence of extra cations at interstitial sites: 

 In this case, there are extra positive ions occupying interstitial sites and the electrons in another 

interstitial site to maintain electrical neutrality. 

Such non – stoichiometries significantly influence the structure and reactivity of metal oxides. 
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Surface properties of metal oxides 

Polarity of surface 

When a crystal of a binary oxide is cleaved to generate two new surfaces, each solid‟s charge 

remains neutral. If the structure is identical, the surface will be dipole less and considered as non 

polar surface. If structure is different, the surface will have strong dipole and is considered a 

polar surface. e.g non polar surfaces are rocksalt (100), rutile (100), pervoskite (100) surface. e.g 

polar surface rocksalt (111) surface. The presence of dipole moment increases the surface Gibbs 

energy. Comparing a metal polar and oxygen polar surface, the latter is more stable because 

oxygen ions are more polarizable than metal ions. Presence of polarization lowers the surface 

electric field and surface energy. 

 

Surface acidity  

A metal oxide consists of a surface with acid base centres. Cationic metal centres are Lewis acid 

sites and anionic oxygen centres act as Lewis bases. Surface hydroxyl groups can act as Bronsted 

acid or base sites and can give or accept a proton respectively. Acidity and basicity in a metal 

oxide depends on the charge and radius of the metal ions and character of metal oxygen bond. 

Presence of structural defects also influence acidic and basic character of a metal oxide. Acidity 

of a metal oxide can be enhanced by either combining it with materials such as zeolites or by 

their modification through processes such as sulphation [1-3]. 
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PZC in metal oxide 

The pH at which the electrical charge density on a surface of metal oxide is zero is called as 

point of zero charge. When pH is lower than pzc value, the system is below the pzc. Below pzc 

acidic water donates protons than hydroxyl groups and surface achieves positive charge and 

above pzc the surface has negative charge [3]. 

 

1.2 Nanomaterials and Nanocomposites 

Nanomaterials are generally materials in dimension of approximately 1 to 100 nm. 

Nanomaterials exhibit unique properties which cannot be provided by equal volume and shape to 

that of bulk materials and is called nanoeffect. Two primary factors cause nanomaterials to 

behave significantly different than bulk materials are : surface effects (causing smooth properties 

scaling due to the fraction of atoms at the surface) and quantum effects (showing discontinuous 

behavior due to quantum confinement effects in materials with delocalized electrons). These 

factors affect the chemical reactivity of materials, as well as their mechanical, optical, electric, 

and magnetic properties. The fraction of the atoms at the surface in nanoparticles is increased 

compared to microparticles or bulk. Compared to microparticles, nanoparticles have a very large 

surface area and high particle number per unit mass. A nanomaterial has interesting size 

dependent properties which make them important for energy conversion and storage. 

Nanocatalysis is a rapidly growing field which involves the use of nanomaterials as catalysts for 

a variety of catalytic applications. A key objective of nanocatalysis research is to produce 

catalysts with 100 % selectivity, extremely high activity, low energy consumption, and long 

lifetime. This can be achieved only by precisely controlling the size, shape, spatial distribution, 
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surface composition, electronic structure, thermal and chemical stability of the individual 

nanocomponents. 

Homogeneous nanocatalysts 

Homogeneous catalysts are used in the same medium as the reactants - for nanoparticles this 

typically means a solution or suspension of nanoparticles in a solvent. 

 

Heterogeneous nanocatalysts 

This involves a catalyst which is in a different phase to that of the reactants. The catalyst is 

usually solid, or immobilized on a solid inert matrix [4].  

 Catalytic activity depends on the particle size. Catalytic activity increases as the particle size 

decreases. Decrease in particle size simply causes an increase in the proportion of surface sites 

that are catalytically active and also an increase in surface defects. Porous nanowires have 

attracted great interests in gas sensing application due to their high surface - to - volume ratio 

and porous structure.  

The electrical properties of nanomaterials vary between metallic to semiconducting materials and 

it depends on the diameter of the nanomaterials. The thermal conductivity of nanomaterials is 

very high, due to the vibration of covalent bonds. Nanomaterials are very strong and withstand 

extreme strain due to few defects in the structure.  

Nanostructure have high surface area, short distance from surface to interior core and small 

dimensions which helps for effective electrical transport continuity and minimize ion diffusion 

path [4].  

Catalysis has become one of the important processes in large scale production of chemical and in 

petroleum industry. Using nanomaterials as heterogeneous catalysts is one of the alternatives to 
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achieve high catalytic activity and selectivity for specific reaction [5].  Advanced oxidation 

processes have also attracted much research attention. AOPs can be achieved by heterogeneous 

photocatalysis in presence of a semiconductor catalyst. In order to act as a good photocatalyst, 

certain characteristics such as particle size, specific surface area or space between the electronic 

levels must be met [6]. Size dependent properties of nanomaterials makes it interesting to study 

in biomedical applications [7]. Other than simple nanoparticles, magnetic nanoparticles are also 

of much research interest. Fe3O4 and its oxidized forms are mostly studied in biomedical area 

since they are non toxic and low cost [8]. Introducing nanomaterials in fuel cells have made them 

cheaper, lighter and more efficient [9].  

Nanocomposites are composites in which at least one of the phases shows dimensions in the 

nanosize range (1 nm = 100 nm). Nanocomposites differ from conventional composite materials 

due to the exceptionally high surface to volume ratio of the reinforcing phase and its 

exceptionally high aspect ratio. The reinforcing material can be made up of particles (e.g. 

minerals), sheets (e.g. exfoliated clay stacks) or fibers (e.g. carbon nanotubes or electrospun 

fibres). 

Graphene, an atomically thin two - dimensional carbonaceous material, has attracted tremendous 

attention in the scientific community, due to its exceptional electronic, electrical, and mechanical 

properties. Particularly the easy preparation of graphene like materials, such as, highly reduced 

graphene oxide (HRG) via reduction of graphine oxide (GO), offers a wide range of possibilities 

for the preparation of graphene based inorganic nanocomposites by the incorporation of various 

functional nanomaterials for a variety of applications such as in electronics, electrochemical and 

electrical fields. 
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1.3 Iron oxides   

The various polymorphic forms of ferric oxide include ɑ-Fe2O3 (hematite), -Fe2O3 (maghemite), 

-Fe2O3, -Fe2O3 and amorphous Fe2O3. 

Hematite :- Hematite or -Fe2O3 is the most stable form of iron oxide at ambient conditions. Its 

-Fe2O3 crystal structure is a rhombohedrally centered hexagonal cell of corundum type. In 

hematite each iron is surrounded by six oxygens at corners of a regular octahedron. Presence of 

defects in the sample during synthesis results in a metastable and poorly crystalline phase of 

hematite called photohematite. A compositionally related isomorph of photohematite is 

hydrohematite. Hydrohematite contains number of lattice bound OH groups replacing oxygen 

atoms with number of iron vacancies. 

Magnetite :- Magnetite is an iron oxide having a cubic inverse spinel structure with oxygen 

forming a fcc closed packing and Fe cations occupying interstitial tetrahedral and octahedral 

sites. It contains iron in divalent and trivalent state. Its chemical composition is [Fe
3+

] t [Fe
3+

, 

Fe
2+

] oct O4 [10]. 

Maghemite :- -Fe2O3 has also spinel structure like magnetite but without Fe
2+

 ions. Oxygen 

anions results in ccp array while ferric ions distributed over tetrahedral site and octahedral site.   

-Fe2O3:- -Fe2O3 has bcc structure, the Fe
3+

 ions occupy two non equivalent octahedral 

crystallographic sites. 

-Fe2O3:- -Fe2O3 has an orthorhombic structure. The asymmetric unit consists of Fe4O6 and the 

unit cell comprise of four asymmetric units and is expressed as Fe16O24.51. 

Amorphous Fe2O3:- In amorphous Fe2O3, Fe
3+

 ions are surrounded by oxygen ions in octahedral 

environment with the respective symmetry axis randomly oriented in non periodic lattice. 
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Goethite :- Goethite has orthorhombic structure. In goethite oxygen atoms are in a hcp lattice, 

with Fe
3+

 ions occupying half of octahedral sites.  

All the types of iron oxides thus differ in their crystal structure. Change in structure changes the 

spin arrangement and therefore changes the magnetic and optical property. 

Hematite iron oxide is being investigated for applications in lithium batteries, sensors and 

supercapacitors due to its high specific capacitance, low cost and low toxicity. It is also 

investigated in catalysis and photoctalaysis due to presence of active surface sites and visible 

light absorption property. 

Hematite exhibits antiferromagnetism below its Morin transition (TM) of about 260 K. The 

magnetic properties of this phase are strongly related to the morphology and size of the 

nanoparticles. The coercivity (Hc) ranges from 31 to 530 Oe [13-16], and remanence 

magnetizations (Mr) are from 0.6 to16 emu/g. 

The valency of Fe plays an important role in electrical conduction. n-type conductivity in 

hematite is associated with the presence of free electrons established by the oxygen vacancies 

and excess of iron sites, while p-type conductivity is due to presence of iron vacancies and 

associated electron holes. 

Synthesis of ferric oxides are carried by following various synthesis strategies, mostly using 

ferric nitrate. When urea is used during synthesis, it generally aids in enhancement of surface 

area or magnetic behavior. Table 1.1 gives a brief literature summery of synthesis of Fe2O3 in 

presence of urea.  
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Table 1.1 Synthesis of iron oxide by using salts ferric nitrate and urea and their relation between 

synthesis condition, surface area and phase of magnetism. 

Method Salt Phase General Reference 

Thermal 

decomposition 

Ferric nitrate and urea -Fe2O3  Antiferromagnetic [11] 

Combustion 

method  

Ferric nitrate and urea -Fe2O3 41 m
2
/g, 27 nm [12] 

Hydrolysis  Ferric sulphate Goethite and 

jarosite  

~ 200 m
2
/g [13] 

Solution 

combustion  

Ferric nitrate and urea -Fe2O3, Fe3O4 Superparamagnetic  [14] 

Solvothermal  Ferric nitrate and urea Fe3O4 42.9 emu/g 

Superparamagnetic 

[15]  

 

Thermal 

decomposition  

Ferric nitrate and urea -Fe2O3 67-73 emu/g 

Ferromagnetic  

[16] 

Thermal 

decomposition  

Ferric nitrate and urea -Fe2O3 69 emu/g 

Ferromagnetic 

[17] 
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1.4 Titanium dioxide 

TiO2 is a versatile material widely used in catalysis and in photocatalysis. 

Catalyst “A substance that increases the rate of a reaction without modifying the overall standard 

Gibbs energy change in the reaction and remaining unchanged till end of the chemical process‟‟. 

A photocatalyst is a substance that generates catalyst activity using energy from light. eg TiO2. 

TiO2 was first bought into research notice in 1929 [18] and later came scientific report on 

photoactivity of TiO2 in 1932-1934 which is based on the photo-oxidation of nitrites. [19-20]  

TiO2 is a n-type semiconductor with band gap of 3.2 eV. Its electronic and optical properties 

makes it an interesting metal oxide to study in catalysis, photocatalysis and in electrical devices 

such as sensors, solar cells, electrochemistry. TiO2 is widely studied due to its high physical and 

chemical stability.  

TiO2 prepared using Titanium alkoxide precursors show efficient visible light activity and 

therefore play a role of being sensitizer [21].  Generally TiO2 occurs in three phases anatase, 

rutile and brookite. Anatase to rutile transformation occurs between 600 
o 
C to 700 

o 
C. Among 

the three phases the rutile phase is most stable phase. Brookite crystallizes above 700 
o 
C [21]. 

 

 TiO2 in heterogeneous catalysis  

Heterogeneous catalysis have become a crucial part of many industries for synthesis of organics, 

oil refining and in pollution control. Nowadays heterogeneous catalysts with better stability, high 

selectivity, high surface area and good surface properties such as acidic sites are given prime 

importance. TiO2 is one such metal oxide. N-Sulphonylation of amines and urazoles were carried 

out on the TiO2 nanoparticles [22]. Glucose can be transformed into furan derivatives by using 

TiO2 as a catalyst [23]. TiO2 is also used as a support material to obtain many industrially 
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important products. PdGa / TiO2 was synthesized and used as catalyst for direct methylation of 

N-Methylaniline with CO2 / H2 [24]. 

Presence of surface acid sites and their effect on the catalytic reaction was reported by M. Lee et 

al. wherein, they used anatase TiO2 with surface acid sites for Friedel Crafts alkylation [25]. T. 

Fujitani further reported on the reaction mechanism and active sites for CO oxidation over a 

Au/TiO2 (110) model surface and Au single crystal surfaces [26]. Role of Lewis and Bronsted 

surface acid sites in the product formation was also studied by V. Kumar et al. wherein, they 

carried out vapour phase hydrogenation of levulinic acid. In this case Bronsted acid sites led to 

ring opening of -valerolactone to produce valeric acid and hydrocarbons [27]. TiO2 as a solid 

acid catalyst was also being studied such as sulphated TiO2. Sulphation in TiO2 improves the 

Lewis and Bronsted acidity. Similar results were obtained in case of n-hexane isomerization on 

TiO2-SO4
2-

 and Pt/TiO2-SO4
2-

 [28]. Further superhydrophilicity also plays role in generation of 

surface acidity on titania. Thus, presence of both Lewis and Bronsted sites expected [29]. 

 

TiO2 in photocatalysis 

TiO2 is the most commonly used photocatalyst due to its low cost, easy handling, good optical 

and electronic properties. Fujishima et al. carried out work on water splitting using TiO2 and 

hence TiO2 gained considerable attention as a semiconductor in photocatalysis. Many studies are 

carried out to increase the activity of TiO2 in photocatalysis like using dopants, combining with 

noble metals and synthesizing composites. Photocatalytic properties are dependent on the 

physicochemical variables such as particle size, pore volume, surface area and crystallanity. 

Synthesis of high surface area TiO2 nanoparticles was carried out and studied for photocatalytic 

propene oxidation,  Wherein the activity seems to be dependent on crystallinity and band gap of 
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TiO2 [30]. Other than surface area and crystallanity, activity of TiO2 is also dependent on the 

morphology. Soft template synthesis of mesoporous anatase TiO2 nanospheres were synthesized 

and found to be having enhanced photocatalytic activity [31]. Mineralization of a dye salt was 

carried out by highly active ZnS loaded TiO2 photocatalyst [32]. Visible light activity of TiO2 is 

often enhanced by doping such as nitrogen or sulphur doping . S. Kassahun et al [32]. reported 

photocatalytic decolourization of methylene blue by N-doped TiO2 nanoparticles [33]. 

TiO2 has band gap of 3.2 eV for anatase. Therefore UV light is required for excitation of electron 

from valence band to conduction band. In order to facilitate this process and increase 

photocatalytic activity noble metal loading is carried out, wherein, the electron from valence 

band travel via noble metal to the conduction band in TiO2 [34-35].  

Anatase and rutile phase of TiO2 are most commonly studied for photocatalysis. Since anatase 

has high band gap ( Eg = 3.2 eV ) and rutile  (Eg = 3.0 eV ), in anatase TiO2 there is less 

possibility for the electron – hole (e
-
–h

+
) recombination and thus mostly preferred as 

photocatalyst. Photocatalytic activity usually depends on the surface properties such as surface 

area, surface acidity and presence of other impurities and defects [29-30]. N-doped TiO2 are also 

known for the dye degradation [36-37]. TiO2 with Ti
4+

 oxidation state usually shows least 

activity in the visible light. In order to overcome this limitation it is necessary to have TiO2 

containing some Ti
3+

, to be visible light active photocatalyst. 

TiO2 with acidic surface is found to be more photocatalytically active material. Sulphation and 

desulphated TiO2 are found to be with high acidic surface character than the other synthesized 

TiO2. Sulphation in TiO2 leads to increase in the acidity and also gives TiO2 with high surface 

area with anatase phase. When sulphation takes place there is also a possibility that S
4+

species 

replaces Ti
4+

 ions in the TiO2 network [38]. Also there can be a possibility of formation of S and 
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N-doped TiO2 which is reported to enhance photocatalytic activity [39]. Besides N and S doping 

presence of oxygen vacancies also enhance the photocatalytic activity [33]. 

The presence of surface oxygen deficiencies can act as capture centers for the photoexcited 

electrons and holes, while the surface hydroxyl groups act as centers for the photocatalytic 

reaction.  

                         

1.5 Graphene 

Graphene is a basal plane of graphite and is composed of a honeycomb like arrangement of 

carbon atoms. Graphene oxide or GO formation involves the reaction of graphite with strong 

oxidizers such as potassium chlorate or potassium permanganate. When oxygen containing 

functional groups are introduced, there is increase in the d - spacing of GO [41-42].  

GO with large size and high quality electric properties is an important step towards the rapid and 

large scale fabrication of graphene based devices. It would facilitate applications in the areas of 

electronics, molecular sensors and composite materials [44 - 46].  

The synthesized materials are characterized by various instrumental methods such XRD, UV-Vis 

[47-48], Raman and IR spectroscopy [49 -52], magnetic behavior using VSM [53], band gap 

analysis through cyclic voltammetry method [54] as well as measurements of electrical 

properties such as dielectric behavior etc. 
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1.6 Applications studied in the present investigation 

Present investigation deals with study of the synthesized metal oxide nanoparticles for 

esterification reaction, photocatalysis, fuel cell and supercapacitors.  

 

 Esterification reaction 

Esterification reaction deals with reaction between alcohols and acids to give esters. 

In chemical industry and in daily living, esters plays an important role as they are used in 

synthesis of drugs, fine chemicals, solvents and in pharmaceuticals. In absence of a catalyst, 

reaction between carboxylic acid and alcohol is very slow. To accelerate the reaction many 

catalysts are being reported such as Tin [55] ZrO2 [56], TiO2 [57] TiO2-Al2O3 [58], CaO/MgO 

[59] iron oxide [60].  

 

The yield of esterification reaction depends various factors such as :- 

Temperature, molar ratio, catalyst concentration, reaction time, catalyst type.  

Sulphated ZrO2 or TiO2 or their composites are reported to be active for esterification reactions 

as presented in Table 1.2.  

 

 

 

 

 



43 

 

Table 1.2 Metal oxides reported for esterification reaction. 

Catalyst Reaction condition % Conversion Reference 

Sulphated zirconia Acetic acid : Benzyl alcohol,  24 h , 3g 90 [61] 

SO4 2-/ZrO2/MCM-41 Oleic acid : Methanol, 4 h 82.6 [62] 

Sulphated zirconia Acetic acid : n-Butanol, 2 h  98 [63] 

Sulphated TiO2 Acetic acid : n-Butanol, 10 h  95.6 [64] 

S-TiO2 on silica Acetic acid : n-Butanol, 2 h 80 [65] 

Sulphated alumina 

on MCM-41 

Acetic acid : n-Butanol, 3 h 99.3 [66] 

Sulphated TiO2 Fatty acid :  Ethanol, 3 h 82.2 [67] 

  

Photocatalysis 

Photocatalysis is the process wherein acceleration of photochemical reaction takes place in 

presence of a catalyst. This process can take place through i) Energy transfer, by forming an 

activated state of the reactant of interest, S, which is more easily oxidized than their ground state 

C + hv →*C  

*C + S → *S + C   

*S→ P  

where C is catalyst, S is reactant , P is product. 
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ii) Electron transfer, by acting either as an electron donor or acceptor 

C+ hv →*C  

*C + S→ S
-
 + C

+
  

S
-
→ P

-
  

P
- 
+ C

+
→ P + C

 

When light of appropriate energy illuminates the sensitizer or semiconductor, an electron from 

the valence band promotes to the conduction band, leaving an electron deficiency or hole, h
+
, in 

the valence band and an excess of negative charge in the conduction band, e
−
  which are 

oxidizing and reducing equivalents respectively, then participate in the redox reactions. 

 

Photocatalytic process depends mainly on the following three factors  

 

i) Band gap of the semiconductor metal oxide used 

Photocatalytic process is joint action of catalyst and light. Efficiency depends on the ability of 

the catalyst to absorb light and consequently on the band edges of the semiconductor material 

used. Change or shift in the respective band edges changes the photocatalytic activity [68].  

 

ii) Surface area and acidity of catalyst 

Photocatalytic process involves absorption of light followed by reaction on the surface of the 

catalyst, giving the final product. Higher the surface area more is the activity of the catalyst to 

react. Apart from surface area, acidity of the catalyst also plays a very important role in 

photocatalysis. Acidic sites such as Lewis acid sites interact with O2 adsorption process which 

can further facilitate to trap electron in the photocatalytic process. 
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iii) Use of support materials or doping 

Other than single metal oxide semiconductors, combining them with other metal oxides of 

narrower band gap or supporting the metal oxide with active materials such as carbon or 

graphene enhances the photocatalytic process. Doping of semiconductor metal oxide also 

enhances the efficiency of the photocatalytic process. 

During photocatalysis, when light falls on the semiconductor material, an electron from the 

valence band goes to the conduction band leaving behind hole h
+
, and thus redox reaction takes 

place. For a material to undergo photo oxidation process, position of the valence band edge plays 

important role. Photocatalysis cause oxidation of dyes such as methylene blue, and other 

pollutants in waste waters [68-70]. Further photocatalytic activity of TiO2 can be enhanced with  

hydrogen treatment. Hydrogen treatment in TiO2 helps to introduce oxygen vacancies, presence 

of trivalent ion, and hydroxyl groups [71]. Surface modification has also influenced 

photocatalytic process [72]. Modification of TiO2 photocatalyst towards visible light has been 

carried out by synthesizing N-doped TiO2. Doping enhances the photocatalytic activity by 

forming metastable centres [73]. Noble metal composites of TiO2 resulted in enhanced visible 

light photocatalytic activity [74].  

 

Fuel cells 

Fuel cell is a device that converts chemical potential energy (energy stored in the molecular 

bonds) into electrical energy 

Fuel cell is like battery wherein it generates electricity from an electrochemical reaction. Both 

fuel cell and battery convert chemical potential energy into electrical energy and the by product 
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as heat energy. In case of battery it has capacity to store energy and once it is depleted it has to 

be discarded or can be used by recharging again by using external supply of electricity. On the 

other hand fuel cell uses an external supply of chemical energy and can run indefinitely, as long 

as it is supplied with source of hydrogen and a source of oxygen. The source of hydrogen is 

referred to as a fuel. During oxidation process the electrons are released and flow through an 

external circuit as an electric current. There are several different types of fuel cells studied so far. 

These are often classified according to the nature of electrolyte and temperature of operation. 

(i) Alkaline fuel cells (AFC) 

(ii) Phosphoric acid fuel cells (PAFC) 

(iii) Molten carbonate fuel cells (MCFC) 

(iv) Solid oxide fuel cell (SOFC) 

(v) Polymer exchange membrane fuel cells (PEMFC) and other variants. 

Other than these fuel cells, H2O2 fuel cell is an upcoming fuel cell where in it uses H2O2 both as a 

fuel as well as oxidant. The theoretical output potential achievable is around 1.09V, which is 

slightly lower but comparable to that of hydrogen fuel cell with 1.23V potential. H2O2 fuel cell 

emits only water and oxygen which are harmless and recyclable chemicals [75].  

 

The reactions taking place at anode and cathode are : 

Anode    : H2O2 → O2 + 2H
+ 

+ 2e
-
                          E

o 
= 0.68 V Vs NHE 

Cathode : H2O2 + 2H
+
 + 2e

-
 → 2H2O                     E

o
 = 1.77 V  Vs NHE 

---------------------------------------------------------------------------------------------- 

Total :    2H2O2 → O2 + 2H2O                                E = 1.09 V 
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The current challenge is to develop suitable electrocatalytic materials for efficient occurrence of 

the anode and cathode reactions. 

 

Supercapacitors  

Supercapacitors (also called electric double-layer capacitors EDLC
s
 or simply ultracapacitors) 

are energy storage devices with very high capacity and a low internal resistance, that are able to 

store and deliver energy at relatively higher rates as compared to batteries. First supercapacitor 

was made in late 1950s using activated charcoal as plates. It is a high capacity capacitor with 

capacitance values much higher than other capacitors that bridge the gap between electrolytic 

capacitors and rechargeable batteries. A supercapacitor differ from an ordinary capacitor in two 

ways: its plates effectively have much bigger area and the distance between them is much 

smaller. In a supercapacitor, there is no dielectric as such and both plates are soaked in an 

electrolyte and separated by a very thin insulator. When plates are charged up, an opposite 

charge forms on either side of separator, creating electric double layer and therefore 

supercapacitors are called as double layer capacitors or EDLCs. Benefits of supercapacitor 

compared to other energy storage devices are long life, high power density, flexible packaging, 

wide thermal range (- 40 
o
C to 70 

o
C), low maintenance and low weight. Carbon materials, metal 

oxides and conducting polymers are mostly used as electrode materials. Metal oxides offer 

attractive option as electrode materials due to high specific capacitance and comparatively low 

resistance [76]. 

An important component of supercapacitor is its electrode. Even though energy density of 

supercapacitor is greater than that of conventional capacitors; it is considerably lower than 

batteries or fuel cells. Electrochemical performances of an electrode material strongly rely on 
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factors like surface area, electrical conductivity, wetting of electrode and permeability of 

electrolyte solutions [76]. 

Materials with high surface area such as activated carbons and graphene are mostly studied in 

supercapacitors because the amount of charge stored in the electrode is proportional to surface of 

the electrode and energy stored is proportional to charge stored. In supercapacitors charge is 

stored in the micropores at or near the interface between the solid electrode material and the 

electrolyte. Supercapacitors store energy based on two capacitive behaviors electrical double-

layer (EDL) capacitance and pseudocapacitance. An electrical double layer capacitance is due to 

electrostatic interaction, pseudocapacitance is due to faradic phenomenon.  

 

1.7 Aim of the present investigation  

In the view of the importance and versatility of the iron oxides and TiO2, the present 

investigation focuses on  

- Synthesis of Fe2O3 by using a solvent free approach involving molten ferric nitrate and urea  

   mixture, to obtain a magnetic  - phase. 

- Synthesis of TiO2 by a novel hydrazine sulphate method to produce sulphated TiO2. 

Applicability of the synthesized nano oxides and / or their nanocomposites for  

(i) Catalytic activity in esterification reaction.  

(ii) Photocatalytic degradation of 4 - Nitrophenol. 

(iii) Electrocatalytic reduction of H2O2 in hydrogen peroxide fuel cells. 

(iv) Supercapacitance behavior. 
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2.1 Urea induced synthesis of nanocrystalline -Fe2O3  

2.1 .1 Introduction 

The first row transition metal oxides are some of the most investigated materials due to their 

diverse applications in several areas. Iron oxide in particular has evoked considerable interest 

because of their magnetic properties and biocompatibility. This makes them particularly suitable 

in diagnostics and drug delivery system [1]. Iron oxides are also widely used in catalysis and as 

anode materials [2]. There are several polymorphic forms of iron oxides such as -Fe2O3 

(haematite), -Fe2O3 (maghemite), -Fe2O3,  Fe2O3. -Fe2O3 is an n-type semiconductor with 

band gap of approximately 2.1eV, due to which it can absorb large portion of visible solar 

spectrum. Additionally, it is low cost, non-toxic and chemically stable material. The magnetic 

properties of iron oxide nanoparticles depend on morphology, size and shape. Small particles of 

-Fe2O3 with different morphologies are known to acquire a single magnetic domain behavior 

showing superparamagnetic properties [3]. Hence there is increasing interest of nanostructured 

iron oxide materials for desired magnetic properties.  

Various methods are available for synthesis of -Fe2O3 nanoparticles such as hydrolysis method 

[4], combustion synthesis [5], pyrolysis [6] etc. Hydrous Fe2O3 of high surface area  

200 m
2
/g were formed when Fe (III) salts of Cl

-
, NO3

-
, SO4

2-
 were hydrolyzed by urea followed 

by calcinations at 500 
o 
C [7]. Nanocrystalline iron oxide was synthesized by solution 

combustion method to produce ultra - fine iron oxide powder by using urea as a fuel and ferric 

nitrate as oxidizer [8]. One pot solvothermal reaction of Fe - urea complex in ethanol was carried 

out to prepare Fe3O4 (magnetite) with superparamagnetic property [9]. Prismatic iron oxide 

nanostructure was synthesized using low temperature thermal decomposition approach [10]. We 
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herein report solvent free solid state combustion method for the synthesis of iron oxide to 

investigate the effect of different molar compositions of ferric nitrate and urea on magnetic 

property, surface area and catalytic activity. The activity of the synthesized samples was 

determined for catalytic decomposition of H2O2. 

 

2.1.2 Synthesis of Fe2O3 

     Combustion method for synthesis of Fe2O3 

All the chemicals used were of analytical grade. Iron oxides were synthesized by heating an 

intimate solid mixture of ferric nitrate ± urea such that the ferric nitrate: urea molar compositions 

were 1:0, 1:2, and 1:3.The mixtures were preheated uniformly at 90 
o 
C on water bath which 

resulted in the formation of a molten liquid. The various stages involved during the synthesis 

after different time intervals are illustrated in Scheme 1. The heating on water bath was 

continued till a dry residue was obtained. The resulting precursors were subsequently heated in a 

muffle furnace at 400 
o 
C for 2 h to obtain the final samples. The samples in general were 

designated as F-xy where xy is molar ratio of ferric nitrate and urea.  

 

i) Requirements of chemical to act as good fuel 

- Be water soluble. 

- Have low ignition temperature ( < 500 
o 
C). 

- Controlled combustion reaction without any explosion. 

- Evolve large amount gases which are harmless during combustion. 

- No residue other than metal oxide. 

- Easy availability. 
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ii) Advantages of using urea and oxalic acid as fuel 

- They are source of C and H, which after combustion gives non hazardous CO2 and H2O and  

   liberate heat.  

- Have ability to form a complex with the metal. Therefore homogeneous mixing of the cation     

   in solution can be achieved. 

- During combustion the resulting complexes breaks into simple and nonhazardous gases like  

  NH3, CO2 etc. 

 

                  

                   Scheme 2.1 Time dependant physical appearance of the combustion product.  
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2.1.3 Material characterization 

The iron oxide samples thus obtained were characterized by XRD, TEM, BET surface area, 

VSM, IR, UV-Vis, Cyclic voltammetry. 

 

2.1.4 Catalytic tests 

The catalytic decomposition of H2O2 was carried out on 10 mg of the catalyst containing 5 mL of 

0.1 M H2O2 and measuring the evolved gas at various time intervals. The reactions were carried 

in dark as well in sunlight. The pH of the reaction mixture was 5. 

 

2.1.5 Result and discussion 

2.1.5 a) XRD analysis and surface area measurements  

The XRD patterns of the samples are shown in Fig. 2.1.  All the three samples F-10, F-12, F-13 

and F-15 could be indexed on the basis of hexagonal phase of -Fe2O3. The calculated lattice 

parameters were a = 5.035 Å , c = 13.74 Å .  However in the case of F-15 sample trace amount of 

maghemite phase was observed. Table 2.1 (JCPDS, file no. 33 - 0664). It was recently reported 

that Fe (III) nitrate and urea form Fe-urea complex of chemical composition [Fe (CON2H4)6] 

(NO3)3] synthesis was carried out in by taking the salt and urea in the molar ratio of 1: 6.2. The 

thermal decomposition of this complex resulted in formation of predominantly -Fe2O3 phase 

[10, 11]. In the present investigation however no solvent was used. Molten mixture of salt + urea 

was prepared by using a stoichiometric molar ratio of 1:2 instead of 1:6. This resulted in the 

formation of the hematite phase. 
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                                    Fig. 2.1 XRD pattern of synthesized iron oxide samples. 

 Fig. 2.2 gives the TEM images of the samples. The corresponding particle sizes are reported in 

Table 2.1. The observed particle sizes from TEM data as well as Scherrer formula were in the 

range 19 - 36 nm. The sample prepared by calcination of pure iron nitrate salt showed smallest 

particle size of 19 nm. However as the urea content was increased the particle sizes became 

larger, probably because of the additional heat energy available when calcinations occur in 

presence of urea. Table 2.1 also gives surface area and porosity of the samples.  
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                             Fig. 2.2 TEM images of synthesized iron oxide samples. 

 

All the samples exhibited typical type IV hysteresis profiles. Further the pore size distribution 

profiles of the urea induced synthesized samples F-12, F-13 and F-15 appeared identical over a 

broad range of pore radii with peaks around 20 Å , 30 Å , & 50 Å  respectively. Thus the presence 

of urea acted not only acts as a fuel during the calcinations step but also acted as a pore structure 

directing agent. On the other hand the pore size distribution profile of F-10 was a smooth profile 
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with no well defined porosity patterns as in F-12, F-13 and F-15.  The actual data is summarized 

in Table 2.1. Thus the average pore radii of all the samples are similar even though the samples 

have well defined characteristic pore size distribution profiles. The distinctive feature of the urea 

synthesized sample F-12 is that it exhibited an unusually large surface area of 138 m
2
/g while the 

other samples showed average surface area of only ~ 40 m
2
/g. Its large surface area is also 

accompanied with presence of unusually large pore volume (0.239 cc/g) as compared to the other 

samples. The sample F-13, even though it had similar pore size distribution profile, showed 

much less amount of pore formation and consequent lower adsorption. Thus excess use of urea 

during synthesis could possibly be detrimental for porosity development and could therefore 

adversely affect the catalytically active surface area.
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            Fig. 2.3 N2 adsorption - desorption and pore size distribution profiles.                          
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Table 2.1: Synthesis and structural properties of the -Fe2O3 samples prepared by calcination of 

iron nitrate ± urea mixture. 

Catalyst   Urea   Particle     Lattice              Lattice  Surface     Pore       Pore   Volume of O2 from H2O2    

   code      mol       size      parameters (Å)    strain      area      volume   radius     gas (mL) after 50 sec                                                                                                    

                            (nm)       a = b         c                      (m2/g)     (cc/g)        (Å )          Dark      Sunlight                                                                                                                      

 F-10          0          19       5.031    13.771     0.063      44         0.185      17.033          9.3            14.3  

 F-12          2          24       5.031    13.780     0.087     138        0.239      15.274          26             33.6 

 F-13          3               31       5.029    13.710     0.415      35         0.079      17.041         3.3            2.7 

 F-15          5          42       5.027    13.757     0.165      43        0.090       21.550          7.8              49 

 

2.1.5 b) Magnetic property 

Fig. 2.4 shows magnetization curves and hysteresis parameters of the synthesized samples. The 

data and table shows there was increase in saturation magnetization as well as remanence in the 

samples as the concentration of urea was increased during synthesis. The hysteresis parameters 

are known to largely depend on grain size, domain state and lattice stress. In the present 

investigation we could not see any correlation between magnetic property and the surface area of 

the samples. However the saturation magnetization (Ms) and remanence (Mr) was found to 

increase with the particle size. The urea induced synthesized samples F-12, F-13 and F-15 

showed ferromagnetic behaviour. Thus samples F-12, F-13 and F-15 (with particle sizes 24 and 

31nm and 42) showed saturation magnetization of 4.1, 9.8 and 15.4 emu/g respectively. 

However -Fe2O3 is known to be anti-ferromagnetic below Morin temperature and show weak 

ferromagnetism between Morin and Curie temperature. This behaviour is shown by the sample 

F-10 prepared from iron nitrate without the use of urea. As expected it showed weak room 
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temperature ferromagnetic behaviour showing saturation magnetization of ~ 0.8 emu /g. 

However the room temperature ferromagnetism of the samples F-12, F-13 and F-15 is believed 

to be due to the existence of oxygen ion lattice vacancies. J.Wu et. al [12] recently synthesized 

ferromagnetic -Fe2O3 by heating commercial -Fe2O3 with a room temperature magnetic 

remanance of 1.9 emu/g . Their detail analysis of the sample confirmed that its ferromagnetic 

behaviour was not due to presence of impurity phases such as Fe
0
, magnetite or maghemite. 

They interpreted the result due to increased oxygen vacancies that could destroy the anti-

ferromagnetic super exchange interaction of Fe
3+

- O
2-

- Fe
3 +

 resulting in uncompensated 

magnetism. In the present investigation it is believed that the urea used for synthesis also 

contributed to local rise in temperature creating increased number of O
2-

 vacancies and thus 

responsible for their observed ferromagnetic behavior. 

                     

                                   Fig. 2.4 M-H Hysteresis plot for synthesized samples.            
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Hematite is known to show six IR active modes. Two of these modes are due to the dipole 

moments being parallel to c-axis and others in perpendicular direction [13]. As a result the 

position of these bands can be sensitive to particle size and shape. The IR spectra of the 

synthesized samples are given in the Fig. 2.5 and the corresponding IR absorption of the samples 

are presented in Table 2.3 particularly in case of sample F-13.  

 

                     

                                  Fig. 2.5 IR spectra of synthesized samples 

However in case of F-10 the two of the absorptions are missing. The low frequency absorptions 

are generally due to Fe - O bonds. In the three samples these bands shift progressively towards 

high frequency absorptions suggesting greater degree of freedom for metal oxygen vibration. 

Thus, the bands for the stoichiometric F-10 which were observed at 464 cm
-1

 and 544 cm
-1

 

shifted at 470 cm
-1

 and 559 cm
-1

 for F-12 and 477 cm
-1

 and 571 cm
-1

 for F-13. The bands 

between 1000 cm
-1

 and 1600 cm
-1

 are also known to be associated with the solid state defects. It 
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is interesting to note that the relative intensity of the 1532 cm
-1

 band is higher in F-12, F-13 and 

F-15 compared to the other samples. This suggests the possible presence of solid state defect in 

F-12, F-13 and in F-15. F-12, F-13 and F-15 also showed low intensity absorption in the UV-Vis 

spectrum as compared to the other samples particularly F-10.  This could be due to incomplete 

coordination environment of O
2-

 legands around the central Fe
3+

 ion of F-13. This could be the 

possible reason for the ferromagnetic behaviour of F-13.   

Table 2.2 : Magnetic properties of synthesized samples 

Catalyst   Urea        Phase                     Magnetic Properties  IR  

    code     mol    composition        Ms             Mr           Hc       Mr/Ms                      absorption                              

                                                        (emu/g)   (emu/g)   (Oe) 

        F-10          0        -Fe2O3         0.783     0.103    1978.2     0.131      1532       -        -       915   544   464 

        F-12          2        -Fe2O3          4.131     0.686      253.9    0.166       1532    1332    -      915   559   470 

        F-13          3        -Fe2O3               9.795     2.289      265.0    0.233       1532    1332  1162  915   571   477 

        F-15          5        -Fe2O3            15.430     3.216      271.7    0.208       1532    1332  1162  915  571    477 
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Fig. 2.6 a) Change in the dielectric constant with the frequency. b) Change in the tangent loss with 

frequency. c) Change in the conductivity with frequency. d) Change in the impedance with the 

frequency. 
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Table 2.3: Magnetic and electrical properties of the samples.  

                     Magnetic                                                      Electrical            

              Ms        Mr         Hc           Dielectric constant at              Capacitance       ac         Impedance 

           (emu/g)  (emu/g)  (Oe)       0.1 KHz   1 KHz   1 MHz        at 0.1 KHz     x10
-6

             x10
11

  

                                                                                                      (pF)           (S/cm)        (Ohm) 

F-10     0.783   0.103  1978.22          31486       7270    11.68             9540             5.520             2.994 

F-12     4.131   0.686   253.96           575.94      48.90   0.973             1737             0.138             1.686 

F-13      9.795   2.289  265.01           6531.6      1076    11.61             2048             1.102             60.02    

F-15    15.431  3.216    271.76           4893         706     10.23             1619             77.70             108.0
 

 

Decrease in the particle size when there is grain boundary scattering dominates, resulting in 

changes in polarization and electrical conductivity in metal oxide. Polarization in a metal oxide 

results in the dielectric constant. F-10 exhibits higher dielectric constant than F-15. High value of 

dielectric constant at low frequency is due to dipole relaxation and at higher frequency it is due 

to interfacial polarization. Dielectric constant initially is very high but later decreases with the 

increasing frequency and remains stable. This is due to at particular frequency of the applied 

electric field the electron exchange does not follow the alternating field. As the particle size 

decreases surface area increases and therefore decreases interparticle distance and this gives rise 

to more leakage current. 

It is seen that the stoichiometric sample F-10 showed a large dielectric constant value, which 

rapidly decreases in an exponential manner. The decrease is relatively slow beyond the 

frequency of 0.1 kHz and attains near constant value of about 11.68 by 1 MHz frequency. This 

seems to be a characteristic behavior of metal oxides and ferrites. It arises mainly due to space 

charge and dipolar polarization. On the other hand the samples F-15 synthesized by urea, showed 
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much lower initial values of dielectric constant. From Table 2 however they follow similar trend 

of decreasing dielectric constant at higher frequencies. These samples are defect structures due to 

oxygen deficiencies. This would imply less number of Fe - O dipoles in the hematite unit cell. 

This resulted in reduced dipole moment and consequent lower dielectric constant. The dielectric 

constant (also known as relative permittivity) can be considered as a measure of how easily a 

dielectric polarizes in response to electric field. This indicates that F-10 with lower lattice 

disorder has higher dielectric constant and is easy to be polarized. 

The samples showed a significantly large values of loss tangent. This showed that the hematite 

iron oxide have high ability to absorb electrical energy from the applied field. The loss tangent 

given by tan ‟‟r /‟r is a measure of how lossy the dielectric material is, towards the ac field. 

The dielectric constant in the equation r = ‟r - j‟‟r is a complex quantity wherein ‟r and ‟‟r 

represents the real and imaginary components respectively. The real part ‟r arises from the 

interfacial and space charge polarization and correspond to the storage of electrical energy. 

Imaginary component ‟‟r is associated with the loss of energy from the ac signal.  

The rapid rise in the loss tangent value for F-10 in the initial stages upto a frequency of 4 kHz is 

indicative of restricted rotation of Fe - O dipoles and is thus associated with consequent large 

absorption of energy from the ac signal. At higher frequencies, the tangent profiles follow the 

expected decrease as also the case with the other sample F-15. However the magnitude of the 

loss tangent is still much higher than the urea synthesized samples. 

The conductivity in iron oxide is known to occur through electron hopping mechanism which is 

associated with the reversible change in the oxidation state of Fe
3+

. An electron jump from the 

O
2- 

ion would momentarily transform ferric ion into the ferrous state. F-10 showed higher 

conductivity owing to the relative ease with which its ferric ion would receive an electron from 
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the p orbital on the adjacent oxygen. In case of F-15 the conductivity is significantly less because 

of oxygen vacancies. The high conductivity of F-10 is confirmed from the impedance plot Z‟ /s 

frequency. It is seen that F-10 showed lower impedance while the impedance of the other 

samples were much higher.  

2.1.5 c) Catalytic decomposition of hydrogen peroxide 

                    

                           Fig. 2.7  H2O2 decomposition on the synthesized samples at pH=5  

Table 2.4 Volume of oxygen gas evolved during decomposition of H2O2. 

Sample                                 F-10             F-12               F-13              F-15 

Volume in dark                     9.3               26.0                3.3                  7.8 

Volume in sunlight             14.3               33.6                2.7                49.0     

∆V                                        5.0                  6.4                 -                  41.0 
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All the synthesized iron oxide catalysts were evaluated for their catalytic activity. H2O2 

decomposition studies were carried out on all the synthesized iron oxide catalysts in dark and in 

sunlight. All the synthesized catalyst follows F-15 > F-12 > F-10 > F-13 in sunlight whereas in 

dark it follows F-12 > F-10 > F-15 > F-13. Activity is enhanced in presence of sunlight then in 

dark. Therefore in presence of sunlight rate of oxygen evolution was found to be in more 

quantity then in dark.  

The catalytic activity of iron oxides can be readily evaluated considering their ability to 

decompose H2O2 solution to evolve oxygen gas as per the reaction H2O2 → H2O + ½ O2. The 

decomposition is known to follow a Fenton like process [25, 26] as in reactions (1) and (2)  

Fe
2+

 + H2O2 → Fe
3+

+
 
HO

-
+ HO

.
                                    (1)        

 Fe
3+

 + H2O2 → Fe
2+

 + HO2

.
 + H

+
                                  (2) 

The resulting HO
.
 being a powerful oxidizing agent can produce O2 via intermediate formation 

of  HO2

.
 

HO
.
 + H2O2 → HO2

.
 + H2O                                           (3) 

Fe
3+

 + HO2

.
 → Fe

2+
+ H

+
 + O2                                        (4) 
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Such reactions could occur on nanocrystalline hematite through initiation by surface Fe
3+

 ions 

[25] 

Fe2O3(s) + 4H
+

(aq) + H2O2(aq) → 2 Fe
2+

+ 3H2O + O2        (5) 

The resulting Fe
2+

 species will generate further HO
.
 and thus continue the Fenton process. 

In case of F-12 and F-10 in dark and in sunlight high amount of oxygen evolution takes place 

whereas in case of F-15 in dark amount of gas evolved is very small amount whereas in sunlight 

amount of gas evolved is much higher in quantity then the remaining other catalyst.  
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2.1.6 Conclusions 

1. Synthesis of iron oxides was carried out by combustion of ferric nitrate in presence of 0, 2, 3  

     or 5 moles of urea and designated as F-10, F-12, F-13 and F-15 and all belongs to- Fe2O3  

     phase. 

2. The catalyst obtained with specific molar ratio of 1:2 of iron (III) nitrate and urea showed a  

     large surface area of 138 m
2
/g. It also showed ferromagnetic behavior (Ms = 4.13 emu/g)  

     unlike the normal antiferromagnetic property shown by hematite samples. 

3. However the catalyst prepared when the molar ratio of the reactants was 1:3, the  

     ferromagnetic property significantly increased (Ms = 9.8 emu/g) but the surface area was  

      much less in comparison with other samples. 

4. The catalytic activity was evaluated for decomposition of H2O2. It was observed that all  

     catalyst showed high activity particularly in presence of sunlight suggesting that  

     heterogeneous photo – Fenton reaction is operating in presence of the synthesized catalysts.  

     The rate of the reaction was proportional to the surface area. 
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TiO2 is of great interest in recent years. Due to its versatile nature with a great variety of 

application  TiO2 is a well known as heterogeneous catalyst due to presence of both acidic and 

basic sites. TiO2 is well investigated in alkylation of phenol and also as a support material in 

various industrial processes. Apart from other important reaction esterification reactions is one of 

the important reactions to obtain esters. Therefore, in the present investigation, we carried out 

synthesis of TiO2 and investigated it as a heterogeneous catalyst in esterification of acetic acid 

and n-butanol. 

 

3.1 Zeolite supported TiO2 and its activity for esterification reaction 

TiO2 is well known for its application in catalysis. In catalytic reactions, the activity of the 

catalyst is  usually dependent on its surface area, surface acidity, particle size etc. A catalyst 

exhibits acidic property due to presence of both Lewis and Bronsted acid sites on the surface of 

catalyst [1-4]. Lewis acid sites of the catalyst are associated with orientation of its cations in the 

lattice, whereas Bronsted acidity is due to presence of hydroxyl groups on the surface of the 

catalyst. TiO2 alone can act as a solid acid catalyst and further improvement in its activity can be 

achieved by using zeolites as support. Zeolite itself shows acidic property wherein, presence of 

aluminium is associated with the acidity. Other than its acidic property, zeolites has the 

advantage of possessing high surface area, porosity and thermal stability. Due to high surface 

area and acidity, zeolites can be utilized for acid catalyzed reactions. Zeolites such as H, HY 

and HZSM-5 are investigated for esterification of with different alcohols [5-7].  Zeolites can 

with appropriate modifications of its acid sites can act as stand. alone catalysts as well as useful 

in imparting enhanced catalytic activity to other catalytic materials. Various modifications with 
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respect to strength of acid centers zeolites are often used as support material and are considered 

to be an important catalyst in terms of its activity. 

Using zeolites as support will also helps to prevent growth of TiO2 particles and its conversion to 

rutile phase [8].  

Esterification reaction is one of the acid catalyzed reactions and is considerable of industrial 

importance. Use of other homogenous catalysts such as H2SO4, AlCl3 and H3PO4 are considered 

to be hazardous in terms of its handling, disposal and reusability. Therefore, there is need of 

solid acid catalyst with enhanced catalytic activity, stability and reusability. In the present 

investigation synthesized TiO2 and zeolite supported TiO2 catalyst are studied for their catalytic 

activity. In order to study their catalytic activity esterification of acetic acid and n-butanol is 

chosen as a model catalytic reaction. 

 

3.1.1 Synthesis of pure and zeolite supported TiO2 catalysts 

 TiO2 is synthesized using Titanium isopropoxide and urea, as urea is known to modify solid 

state properties and catalytic activity of the synthesized material. 

 

Synthesis of TiO2 

TiO2 is synthesized by using Titanium isopropoxide as source of Titanium and urea as fuel. 

15.014 g of urea was dissolved in the 50 mL of distilled water and this diluted solution of urea 

was added to 37 mL of Titanium isopropoxide solution such that molar ratio of Titanium 

isopropoxide and urea is 1:2. After forming the white precipitate solution was stirred for 30 min 

and later dried at 60 
o 
C in an oven. After complete drying formed white precursor was calcined 

at 450 
o 
C for 4 h. 
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Synthesis of zeolite supported TiO2 

1.5 g of urea was dissolved in 50 mL of distilled water. To this urea solution 4 g of ZSM-5 (225) 

was added and mixed well kept for stirring for 1 h. 3.68 mL of Titanium isopropoxide was added 

to the urea zeolite mixture and kept for stirring for another 1h. Mixture was dried at 60 
o 
C in an 

oven and dried precursor was calcined at 450 
o 
C for 4 h. 

 

3.1.2 Catalyst characterization 

Catalyst characterized by XRD a Rigaku Ultima IV diffractometer, using Ni filtered Cu 

Kradiation (=1.5406 Å ). The crystallite sizes were determined using the Scherrer formula τ = 

0.9cos  whereis the wavelength characteristic of the Cu Kradiation, is the full width 

at half maximum (in radians) andis the angle at which the (100) intensity peak appears. IR 

absorption spectra were recorded in range of 4000 - 400 cm
-1

 on Shimadzu IR Prestige - 21 by 

diluting few milligrams of sample in KBr. The nature of acid sites were characterized following 

pyridine adsorption. Thus 0.1 g of the samples was first activated at 120 °C for 1 h, cooled to 

room temperature under vacuum, followed by exposure to pyridine vapours  for 4 - 5 h. IR 

spectra were then recorded using KBr technique. TPD analysis was carried out to measure the 

acidity of the samples using ammonia as a probe on a Chemisorb 2720, Micromeritics 

instrument. Typically, in a quartz tube, 100 mg of the sample (-100 mesh) was held between 

small lumps of inert quartz wool. The sample tube was connected to the device and heated to 120 

o 
C, 12 h, to remove adsorbed water and other volatile impurities. After cooling to 25 

o 
C, dry 

ammonia gas (20 % NH3, He (UHP); 20 mL / min) was then passed for 15 minutes. The 

physically adsorbed ammonia was flushed out by He (UHP) carrier gas at 25 
o 
C. The sample 

was heated from 25 
o 
C to 600 

o 
C at a heating rate of 5 

o 
C/ min and the desorbed ammonia was 
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measured using a thermal conductivity (TCD) detector. 

 

3.1.3 Esterification of acetic acid and n-butanol 

The esterification reaction was carried out under solvent free condition. Thus, in a three - necked 

flask, 12 mL of glacial acetic acid was taken and heated to 95 
o 
C followed by addition of  100 

mg of the catalyst. 36 mL of n-butanol was preheated separately and was added to the reaction 

mixture such that acetic acid: n-butanol molar ratio was 1:2. In a typical experiment, 0.5 mL of 

the reaction mixture was sampled every 30 min and estimated by standard acid - base titration. 

Percentage (%) conversion of the acid was calculated by using the relation 

                                                       [Ci] – [Ct]    

Conversion of acetic acid (%)  =                        x (100) 

                                                           [Ct]        

where Ci is the initial concentration of the acid and Ct is its concentration at time t. 
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3.1.4 Results and discussion                                         

                        

                                             Fig. 3.1 XRD pattern of synthesized samples.         

Fig. 3.1 gives the XRD pattern of the synthesized TiO2 catalyst in relation to Degussa DP-25. 

The Degussa sample is an anatase phase containing 20 % of rutile. The presence of rutile phase 

in Degussa is evident from the peak at 27 
o 
C.  F-12 is pure phase. Its XRD pattern is in 

agreement with JCPDS file no. 71-1168. XRD pattern of T-12/ZSM-5 (225) show presence of 

101 peak which corresponds to anatase phase of the TiO2. This shows that TiO2 was successfully 

incorporated into the zeolite structure. The crystallite sizes of the synthesized samples were 

calculated by using Scherrer formula and decrease in crystallite size was observed in T-12/ZSM-

5 (225) as compared to  ZSM-5 (225) and TiO2. This decrease in the size of the TiO2 is due to 

use of zeolites as support material [9]. Thus pure TiO2 (T-12) showed particle size of 16 nm 
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when it was supported with zeolite catalyst, its particle size was decreased to 12 nm given in 

Table 3.1. 

                            

                                 Fig. 3.2. IR spectra of pyridine adsorbed on the samples. 

 Fig. 3.2. gives IR spectra of pyridine adsorbed on the catalyst which shows three bands at 1535 

cm
-1

, 1490 cm
-1

, 1442 cm
-1

. The peak at 1535 cm
-1

 is due to pyridine adsorbed on Bronsted acid 

sites due to presence of pyridinium ion PyH
+
 [10-11]. The band at 1490 cm

-1
 is the combination 

band due to presence of both Bronsted and Lewis acid sites. The band at 1442 cm
-1

 is due to 

Lewis acid sites. The presence of these three bands in all the catalysts suggest the presence of 

both Lewis and Bronsted acid sites. 

3.1.4 a) Catalytic activity of TiO2 for esterification reaction 

Commercial DP-25 and synthesized TiO2 were studied for their catalytic activity in esterification 

reaction of acetic acid and n-butanol. Compared to DP-25, the synthesized TiO2 sample T-12 
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showed higher catalytic activity. DP-25 gave 30 % conversion whereas T-12 showed 33 % 

conversion of acetic acid. High % conversion of acetic acid is found to be in agreement with its 

small crystallite and higher acidity. The respective values are given in Table 3.1.  

3.1.4 b) Catalytic activity of the zeolite supported TiO2 

In the present investigation two types of zeolites were studied ZSM-5 (40) and ZSM-5 (225). 

They were both protonic zeolites (H forms). Their acidic characteristics depend on their Si/Al 

ratio. High Si/Al ratio imply low Bronsted acidity due to decrease in aluminium content.  

Aluminium in the zeolite framework creates negative charge on the zeolite which is balance by 

cations. These cations can also act as Lewis acid centres. The presence of protons, in zeolites act 

as Bronsted acid sites. ZSM-5 (40) has more Al than the Si and therefore will have more 

Bronsted acid sites. Due to acidic nature of both these zeolites it is of interest to investigate them 

for the acid catalyzed reaction such as esterification reaction. Esterification of acetic acid and n-

butanol reaction is studied on both the zeolites ZSM-5 (40) and ZSM-5 (225). Catalytic activity 

in terms of % conversion and their respective acid strengths are evaluated from the ammonia – 

TPD profiles and are summarized in Table 3.1. ZSM-5 (40) is found to be less active with 32 % 

of acetic acid conversion whereas ZSM-5 (225) is found to be with higher catalytic activity of 35 

%. In order to know the type of acid strength present pyridine adsorption studies were carried out 

and their respective spectra are given in Fig. 3.2. It is seen that all the catalysts investigated 

showed bands characteristics of Lewis and Bronsted acid sites. Further in order to measure the 

strength and quantify the amount of acid sites, NH3-TPD analysis were carried out. Weak and 

medium acid sites were found to be in large number in case of ZSM-5 (225).  Both the zeolites 

showed similar total acidity, but there was no clear correlation between, strength of various acid 

sites and % conversion in the esterification reaction. However since ZSM-225 was slightly more 



84 

 

active synthesized TiO2 was supported by ZSM-5 (225) to obtain the catalyst i.e T-12/ZSM-5 

(225). This showed by far the highest activity with 44 % acetic acid conversion and this high 

activity of T-12/ZSM-5 (225) is due to presence of both Lewis and Bronsted acid sites therefore 

giving medium and strong acid sites in the NH3-TPD profiles as seen in Fig. 3.3. This highest 

catalytic activity of T-12/ZSM-5 (225) is due to presence of medium and strong acid sites. Hence 

in the catalytic reaction of esterification of acetic acid and n-butanol using zeolite as support both 

medium and strong acid sites plays important role and also presence of both lewis and bronsted 

acid sites on the catalyst surface. Quantitative acidity of the catalyst is summerized in Table.3.1 

Other than the acidity contribution by zeolites, zeolites also increases the surface area of the 

supported TiO2 and decreases the crystallite size which makes available active adsorption sites 

for the reactants to undergo reaction on to the catalyst surface. Therefore, there is increased in 

the % conversion of the starting reactants. Therefore, catalytic activity of T-12/ZSM-5 (225) is 

not only due to the presence of acidic sites but also due to high surface area and small particle 

size.  
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Fig. 3.3. NH3 - TPD profiles of the synthesized samples 

Table 3.1 Acidic properties and respective % conversion on the synthesized samples. 

Catalyst             Crystallite          Strength of acid sites                           Total acidity              %                         

 code                      size                W                  M                S                  (mmoles/g)         

Conversion           

                              (nm)       (100 – 250 
o 
C) (250 – 350 

o 
C) (350 – 450 

o 
C) M+S  W+M+S        (1:2)                                   

DP-25                      21                 66                58                   -                   58       124              30 

T-12                         16                 78                68                   -                   68       146              33 

ZSM-5 (40)               -                  45.6             58.7              13.0               72         72               32 

ZSM-5 (225)            14                61.6             53.9                7.2                61        22.7            35 

T-12/ZSM-5 (225)   12                46.3             69.4               23.6               93      139.3            44 

W = Weak,  M = Medium,   S = Strong 
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3.1.4 c) Kinetic study and reusability for esterification reaction 

Correlation coefficient value was calculated for esterification reaction for both first and second 

order and it was found that reaction follows second order kinetic. When the reaction is of second 

order kinetic it means that both the reactants are involved in the catalytic process giving final 

product. The respective correlation coefficient values are given in Table.3.1.2. As seen in Fig. 

3.5 the reusability studies for catalyst T-12/ZSM-5 (225) for three cycles. Catalyst was found to 

be stable giving similar % conversion even after use of three cycles.                                  

                    

                           Fig. 3.4 Correlation coefficient plots for the synthesized samples. 
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Table 3.2 % Conversion and correlation coefficients for the samples. 

Catalyst 

code 

% 

Conversion 

R
2
 First 

order 

R
2
  second 

order 

DP-25 30 0.8872 0.9549 

ZSM-5 (40) 32 0.8923 0.9618 

ZSM-5 (225) 35 0.8432 0.9748 

20 % T-12/ZSM-5 (225) 44 0.8201 0.9872 

T-12 33 0.8724 0.9477 
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                                           Fig. 3.5. Reusability of T-12/ZSM-5 (225) 
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3.1.5 Conclusion 

1. A TiO2 catalyst was synthesized by calcination of a precursor prepared from the titanium   

    isopropoxide and urea taken in molar ratio 1:2. This catalyst denoted as T-12 and was of pure  

    anatase phase. 

2. The catalytic activity was determined for esterification reaction between acetic acid and n-

butanol. 

3. The catalyst T-12 showed comparatively higher activity than the reference sample Degussa 

DP- 25. The relative % conversion of acetic acid were 33 % and 30 % respectively. 

4. A zeolite supported TiO2 catalyst (T-12/ZSM-225) showed higher activity (44 %) due to 

distinct presence of strong acid sites and could be repeatedly reused without significant loss in 

activity. 
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3.2 Investigation of sulphated TiO2 as heterogeneous catalyst for  

           esterification reaction 

 

3.2.1 Introduction  

Sulphated metal oxides such as SO4
2-

- TiO2, SO4
2-

- ZrO2, SO4
2-

- Fe2O3 etc are gaining increasing 

importance for acid catalyzed reactions such as esterification of carboxylic acids etc. There exist 

several approaches to prepare metal oxides with or without sulphation. The common approach to 

prepare sulphated oxide involves treatment of the synthesized oxide with (i) sulphuric acid or (ii) 

ammonium sulphate [1]. During this approach SO4
2-

 gets chemisorbed over the metal oxide 

surface, and introduces Bronsted and Lewis acid sites [2]. In the sulphated metallic oxides there 

may be as many Lewis acid sites as Bronsted acid sites. The superacidity of these materials is 

attributed to the Bronsted acid sites, created or already existing, whose acidity is increased by the 

presence of neighboring strong Lewis acid sites. The strength of these Lewis acid sites is due to 

an inductive effect exercised by sulphate on the metallic cation, which becomes more deficient in 

electrons. 

The sulphated oxides may also be prepared by insitu incorporation of sulphate during synthesis 

of the metal oxide itself, by simultaneous addition of the sulphating agent [1]. Various synthetic 

strategies can be chosen to prepare catalytically active metal oxides such as thermal 

decomposition of salts, combustion method, sol-gel method, precursor method, co-precipitation 

method etc. with the aim of getting fine particle oxides having high catalytic activity. 

Hydrazine hydrate based metal oxide precursors, is an important strategy used in synthesis of 

metal oxides [3]. Wherein fine particle oxides such as Fe2O3, -Al2O3, TiO2, ZrO2 have been 
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obtained. Hydrazine hydrate is however associated with disadvantages for handling, particularly 

being a fuming liquid. On the other hand hydrazine sulphate is a solid crystalline compound, 

convenient to handle and water soluble. Hence hydrazine sulphate could be used as convenient 

sulphating agent just like ammonium sulphate. At the same time hydrazine sulphate could also 

be expected to produce fine particle oxides by retaining the inherent property of the metal salt 

hydrazine precursors as in hydrazine hydrate. In the present investigation we report for the first 

time the use of hydrazine sulphate as a sulphating agent to produce sulphated TiO2 in one step 

decomposition. The TiO2 thus obtained showed higher catalytic activity for esterification 

reaction as compared to sulphated TiO2 produced using ammonium sulphate. Esterification 

reactions as mentioned in section 3.1 are generally carried out using homogeneous catalysts such 

as H2SO4, AlCl3, H3PO4 etc. However, use of such homogenous catalysts are well - known to be 

hazardous to environment and also cause problems in product separation. Therefore increasing 

efforts are being made to replace these conventional catalysts by solid acid catalyst, of enhanced 

activities. Advantages of the solid acid catalysts include their easy separation from reaction 

mixture, lower toxicity and reusability [4].  

Metal oxides and zeolites are well known solid acid catalysts due to the presence of Bronsted and 

Lewis acid sites. TiO2 has been employed as a heterogeneous catalyst for various organic 

transformations due to the presence of both acidic as well as basic active sites on its surface [5-

7]. Various solid acid catalysts recently used in esterification reactions include catalyst such as 

supported ZnO for esterification of oleic acid with glycerol [8], Mo / ZrO2 for the esterification 

of acetic acid and ethylene glycol [9], TiO2 / ZrO2 as solid acid catalyst for esterification of lactic 

acid and n-butanol [10] etc. The performance of the catalyst depends on factors such as porosity, 

surface area and the presence of surface active sites. Strength of active sites depends on presence 
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of defects and surfaces with small particles [11]. It is known that the activity of the solid acid 

catalysts is significantly enhanced after sulphation forming S=O and O-S-O bonds which in turn 

creates unbalanced charge on Ti, as well as vacancies and defects, the presence of which can be 

one of the reasons for generation of strong acid sites, which will increase the activity of the 

catalyst [11-12]. Therefore, sulphated catalysts are generating a lot of interest in catalytic 

applications. For example, sulphated TiO2 nanorods and ZrO2 modified TiO2 nanocomposites 

have been studied for esterification of levulinic acid [13]. Pan et. al [14] reported sulphated 

alumina supported on mesoporous MCM-41 silica for esterification of citric acid or acetic acid 

with n-butanol. Sulphated ZrO2 supported on mesoporous molecular sieves was reported as 

active catalyst for esterification of citric with n-butanol [15].  

Sulphated solid acid catalysts such as TiO2 are generally being synthesized using H2SO4, or 

ammonium sulphate as sulphating agents [1, 16]. Sulphation can be carried out by insitu 

sulphating i.e. synthesis of sulphated metal oxide or by incorporation of sulphate using H2SO4, 

into the previously prepared oxide such as TiO2 [1]. Synthesis of sulphated TiO2 on mesoporous 

silica was also carried out by direct impregnation of MCM-41 with titanium sulphate solution 

and studied for esterification of acetic acid and n-butanol [11]. Here, we report a convenient 

method to prepare highly active sulphated solid acid TiO2 catalyst using hydrazine sulphate as a 

sulphating agent. 
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3.2.2 Synthesis of sulphated TiO2 

Sulphated TiO2 catalyst was prepared by using Titanium isopropoxide as source of Titanium and 

hydrazine sulphate as sulphating agent. Hydrazine sulphate N2H4.H2SO4 was obtained from 

Molychem chemicals, Mumbai while the Titanium isopropoxide was obtained from 

spectrochemchemicals Mumbai. 11mL of Titanium isopropoxide solution corresponding to 

0.0374 moles was added to 300 mL of aqueous hydrazine sulphate solution (0.375 mol L
-1

) such 

that final molar composition of Titanium isopropoxide to hydrazine sulphate was 1:3. Both the 

solutions were mixed at 0 
o 
C and stirred for 30 min. This resulted in the formation of a white 

precursor sol. The temperature of the sol was raised to 70 
o 
C till the mass was settled down. The 

upper clear supernatant solution was decanted off and the precursor residue was dried at 70 
o 
C 

for 12 h and then calcined in air at 550 
o 
C for 3 h to form sulphated TiO2. The sample was 

labeled as T-HS-13 (to indicate the use of Titanium isopropoxide and hydrazine sulphate in 

molar ratio of 1:3 during this synthesis). This is illustrated in Scheme 1. Similarly synthesis of 

another catalyst T-HS-12 was carried out by mixing Titanium isopropoxide and hydrazine 

sulphate in the molar ratio of 1:2. For comparison, sulphated TiO2 was also synthesized by using 

ammonium sulphate as sulphating agents under similar condition. 
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                                       Scheme 3.1: Synthesis of sulphated TiO2 catalyst 
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3.2.3 Results and discussion 

3.2.3 a) Synthesis, XRD analysis and surface areas 

Esterification of carboxylic acids on solid acid catalysts have been widely investigated in recent 

times to find efficient catalysts, relevant to various industrial processes. There is a need to 

develop catalysts which will be very active as well as stable and reusable for the desired 

esterification process. In the present investigation hydrazine sulphate is used for the first time as 

a sulphating agent to produce sulphated TiO2, and its activity is compared with the catalyst 

developed by known procedures such as the use of ammonium sulphate [1]. Thus the following 

catalysts were synthesized using titanium isopropoxide as source of Ti
4+

. Titanium isopropoxide 

was mixed with the sulphating agents (hydrazine sulphate or ammonium sulphate), in the molar 

ratio 1:2 & 1:3 and the resulting precursors were calcined at 550 
o 
C to obtain the sulphated TiO2.  

The samples obtained were characterized by XRD as shown in Fig. 3.6.  
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Fig. 3.6. XRD profiles of the samples prepared using Titanium isopropoxide and hydrazine 

sulphate (HS) or ammonium sulphate (AS) 

All the sulphated samples showed similar profiles which corresponded to the anatase phase of 

TiO2. The profiles were in agreement with JCPDS file no. 71-1168. The particle sizes were 

calculated by using Scherrer formula 0.9cos  The x-ray density ρ was calculated 

using the relation ρ = z M / Nv ( where z is number of formula units in the anatase unit cell, M is 

molar mass, N is Avogadro‟s number and v is unit cell volume) [17]. The description of 

synthesis of samples is summarized in Table 3.3 along with the Scherrer crystallite sizes and 

BET surface areas. The calculated lattice parameters of the samples Table 3.3 were also in 

agreement with those reported in literature a =  3.797,  c = 9.579 (JCPDS file no. 71-1168). TEM 

images of the respective sulphated TiO2 samples area given in Fig.3.7. 
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Fig. 3.7. TEM images of the sulphated TiO2 samples.  

Table 3.3 Synthesis and XRD analysis and surface areas of the sulphated TiO2 samples. 

Catalyst     Sulphating                   Scherrer        Lattice           X-ray      Surface     Pore        Pore 

 code             agents                     crystallite    parameters       density       area      volume    radius 

    *                used                             size                (Å)           (g / ml)      (m
2
/g)      (cc/g)      (A

o
) 

                                                         (nm)          a = b       c                       

T-HS-13   Hydrazine sulphate          10          3.791    9.336    4.009           81        0.2485   40.75 

T-HS-12   Hydrazine sulphate          12          3.787    9.565    3.937           72        0.1961   45.38                  

T-AS-12   Ammonium sulphate        21         3.786    9.532    3.937           75        0.4109   17.48 

*T for Titanium isopropoxide, HS = Hydrazine sulphate, AS = Ammonium sulphate, 12 for molar ratio 

1:2 

The numbers 12 or 13 indicate molar ratio of Titanium isopropoxide & sulphating agent. Thus T-

HS-13 indicates Titanium isopropoxide and hydrazine sulphate in the molar ratio of 1:3. It can be 

seen that the synthesized samples prepared using hydrazine sulphate were of nanosize, 10 -12 
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nm. The sulphated TiO2 prepared using ammonium sulphate showed relatively larger particle 

size ~ 21 nm. The smaller particle sizes in T-HS-12 & T-HS-13 are associated with the 

significant peak broadening observed in their XRD profiles as compared to the sulphated sample 

T-AS-12 as shown in Fig. 3.6.  These samples T-HS-12 & T-HS-13 also showed similar porosity 

profiles showing a sharp peak around 49 Å . They showed average pore radii in the range 40 – 45 

Å  as compared to much smaller average pore radius (~ 17.5 Å ) of sample T-AS-12. 

      

 

Fig. 3.8. a) N2 adsorption - desorption isotherms b) BJH pore size distribution profiles of the 

sulphated TiO2 samples. 

 

3.2.3 b) Infra red spectra analysis 

It is known that sulphation results in binding of sulphate ion to the oxide lattice mainly in 

bridged, chelate or interstitial forms [18-20, 33]. Formation of bisulphate and persulphate species 
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have also been reported [21-22]. Scheme 3.2 gives possible bonding modes of sulphate or 

bisulphate species in sulphated metal oxide in bridged form. 

 

                                                   

Scheme 3.2. Possible bonding modes of sulphate or bisulphate species in sulphated metal oxide 

bridged form. 
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Fig. 3.9. (a) IR spectra of synthesized sulphated samples in relation to the unsulphated Degussa 

TiO2. (b) IR spectra of the catalysts heated at 550 
o 
C and 700 

o 
C.      

All the sulphated samples showed the characteristic bands at 1401, 1230, 1139, 1051 and 975 

cm
-1 

due to the presence of sulphate ion. These are in agreement with literature reports [1]. These 

bands were absent in the spectrum of the unsulphated TiO2 (DP-25) sample. The latter, showed 

only the hydroxyl band (O - H bending) at 1638 cm
-1

. The four bands seen in the region 1230 - 

975 cm
-1

 are assigned to the vibrational modes of sulphate ions. The vibrations at 1230 cm
-1

, 

1139 cm
-1

 are due to the asymmetric and symmetric stretching of S = O vibrations. Bands at 

1051 cm
-1

 and 975 cm
-1

 are due to asymmetric and symmetric S – O stretching vibrations. Band 

at 1401cm
-1

 is attributed to S2O7
2- 

or SO3 like species which may be formed when there is higher 

concentration of sulphate species in the samples [18].    

The sulphate species are retained on the surface of the catalyst well beyond 500 
o 
C.  Fig. 3.9 (b) 

gives the IR spectra of the sulphated catalysts heated at 550
 o 

C and 700 
o 
C. It can be seen that 
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the IR absorptions due to sulphate are intact at 550 
o 
C but disappear at 700 

o 
C.  

Thus hydrazine sulphate could be used as convenient sulphating agents just as the traditional 

sulphating agents viz ammonium sulphate and sulphuric acid [1].  However the hydrazine 

sulphate method adopted here was advantageous because it involved (i) insitu formation of fine 

nanosize TiO2, during calcination of the precursors followed by (ii) sulphation of the insitu 

generated TiO2.This gives advantage of one step synthesis. Also hydrazine sulphate as sulphating 

agent was very effective as the sulphate peaks as seen in T-HS-12/13 are relatively more intense 

and better resolved Fig. 3.9.  

3.2.3 c) Nature of acid sites in the catalyst 

To elucidate the nature of acidity, IR spectra were also recorded following pyridine adsorption. 

These are presented in Fig. 3.10 (a) The samples showed four distinct absorptions at 1643 cm
-1

, 

1612 cm
-1

, 1545 cm
-1

 and 1489 cm
-1 

respectively. The peaks at 1643 cm
-1

 and 1545 cm
-1

 are due 

to pyridine adsorbed on Bronsted acid sites. The weak absorption at 1612 cm
-1

 is due to Lewis 

acidity. The peak at 1489 cm
-1

 is attributed to simultaneous presence of Bronsted and Lewis 

acidity. Similar assignments following pyridine adsorption on sulphated TiO2 was earlier 

reported [13]. Fig. 3.10 (b) illustrates IR spectra of adsorbed pyridine at various temperatures on 

sample T-HS-13. It can be seen from the figure that the characteristic peak at 1545 cm
-1

 due to 

Bronsted acidity decreases with increase in temperature upto 250 
o 
C, beyond which the peak 

completely disappears. Simultaneously, the intensity of peak at 1489 cm
-1

 which can be due to 

combination of B+L sites also diminishes proportionately. This confirms that most of the acid 

sites in this sample are due to Bronsted acidity [21-23].The presence of Bronsted and Lewis acid 

sites was also confirmed following ammonia adsorption. Fig. 3.10 (c). gives the corresponding 

IR spectra.  
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Fig. 3.10. (a) IR spectra following pyridine adsorption on the sulphated catalysts. (b) Effect of 

thermal treatment on the IR spectral features of pyridine adsorbed T-HS-13. (c) IR spectra 

following ammonia adsorption on the sulphated catalysts. (d) Effect of thermal treatment on the 

IR spectral features of  ammonia adsorbed T-HS-13. 
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The samples showed broad absorptions at 3149 cm
-1

 due to N-H stretching modes. The two 

absorption bands at1402 and 1135 cm
-1

 are due to ammonia bonded to Bronsted and Lewis acid 

sites respectively [24-25]. Fig. 3.10 (d) shows the IR spectra of T-HS-13 following heat 

treatments at various temperatures from 50 
o 
C to 450 

o 
C. These peaks are present at all 

temperatures but with decreasing intensity due to desorption of adsorbed ammonia. The 

persistence of these peaks beyond 450 
o 
C suggests the presence of very strong acid sites. This 

could be confirmed from separate TPD studies following ammonia adsorption.  

Fig. 3.11 gives the NH3-TPD profiles of the sulfated TiO2 samples. All the samples showed three 

distinct desorption peaks corresponding to weak, medium strength and strong acid sites. The 

hydrazine sulphate induced samples showed much higher intensity peaks as compared to the 

sample T-AS-12. All the peaks due to weak acid sites shown around temperature of about 130 
o 

C,  were quite sharp and intense. The medium strength acid sites were shown in the broad 

temperature range of  200
 o 

C to 350 
o 
C. The peaks due to strong acid sites were observed in the 

temperature interval 350 
o 
C to 550 

o 
C. The concentration of these acid sites is summarised in 

Table 3.4  in order to correlate these values to catalytic activity. 
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Fig. 3.11. NH3-TPD profiles of the sulphated TiO2 samples showing regions of weak, medium 

and strong acid sites 
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Table 3.4 Relation between % conversion of acetic acid on sulphated TiO2 catalyst and strength 

of acid sites present. The acid and alcohol were taken in the molar ratio of 1:2 for the 

esterification reaction.  

Catalyst            Strength of acid sites (molg
-1

)                      Total acidity        %                Correlation 

   code                                                                                                             Conversion    coefficients (R
2
)                            

                         Weak                Medium           Strong             (mol/g)         of acetic          

                   (100
 o
C-200

o
C) (200

o
C-350

o
C) (350

o
C-500

o
C)     (W+M+S)           acid           First      Second 

T-HS-13         157.9                  36.4                 97.2                   291.5                 71            0.754       0.933 

T-HS-12           48.5                  30.3                 78.9                   157.7                 55            0.699       0.879 

T-AS-12           36.4                  12.1                   6.0                     54.5                 44            0.555       0.867        

W = Weak acid sites, M = Medium acid sites   S = Strong acid sites  

                         

                            Fig. 3.12 Correlation coefficient plot for the synthesized samples. 
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3.2.3 d) Catalytic activity and kinetic study  

Catalytic activity of the various sulphated catalysts was investigated at 90 
o 
C at molar 

concentrations of acetic acid and n-butanol in the ratios of 2:1, 1:1 and 1:2. The equilibrium 

conversions were reached in about 4-5 hours.  

The optimum conversion of acetic acid was obtained at reactant molar ratio of 1:2 as shown in 

Fig. 3.12 (a). Thus it can be seen from the figure that when the alcohol used was in higher 

proportion, better % conversion of acetic acid was obtained. Accordingly catalytic activity of all 

the catalysts was determined at the molar composition of (1:2) as given in Fig. 3.12 (b). The 

unsulphated Degussa TiO2 (DP-25) sample was used as a reference sample for comparison of the 

catalytic activity. It can be seen from this data that the DP-25 catalyst showed very low 

conversion of 30 %. This was only marginally more than the 27 % conversion obtained without 

the use of any catalyst. However the sulphated catalyst T-HS-13 prepared using hydrazine 

sulphate had activity of more than 70 % under the same condition. 
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Fig. 3.13. % Conversion of acetic acid with time on different catalysts. (a) Effect of molar ratio 

of the reactants acetic acid : n-butanol. (b) Comparison of catalytic activity of the various 

catalysts at 1:2 molar ratio of acetic acid & n-butanol. 

 

Correlation coefficients (R
2
) were obtained from graphs of ln Ct versus t assuming first order 

kinetics and also 1 / Ct versus t, assuming the reaction could follow second order kinetics, where 

Ct is the equilibrium concentration of acetic acid after time t. These values are also summarized 

in Table 3. 4.  

From the values of correlation coefficient (R
2
), it can be seen that there was better fit for the 

second order kinetics. Therefore, the esterification reaction would preferentially follow 

Langmuir -Hinshelwood type mechanism which involves simultaneous adsorption of both the 

reactants on the catalyst surface, prior to the reaction. Activation energy (Ea) for the reaction was 
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determined by studying the reaction at different temperatures and fitting the resulting rate 

constant into logarithmic form of the Arrhenius equation k = Ae
-Ea/RT 

as shown in Fig. 3.14. The 

results are presented in Table 3.5. It is reported that the esterification reaction show activation 

energy in the range 24 kJ mol
-1

 to 30 kJ mol
-1

 in presence of sulphated catalysts [26, 27] and 59.3 

kJ mol
-1

 for the uncatalyzed reaction. 

                          

Fig. 3.14. Arrhenius plot using second order rate constant for the esterification reaction between 

acetic acid and n-butanol.  

 

In the present investigation, the activation energy of T-HS-13 was found to be much less as 

compared to DP-25 as shown in Table 3.5.  Activation energy of T-HS-13 was only 17.1 kJ mol
-

1
. Thus the activation energy value of 17.1 kJ mol

-1
 on T-HS-13 shows that the esterification 

reaction on this catalyst is kinetically very facile. 
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Table 3.5 Activation energies for the esterification reaction between acetic acid and n-butanol. 

Catalyst                                                    Activation energy 

 code                                                              (kJ mol
-1

)            

T-HS-13                                                              17.1 

DP-25                                                                  57.4 

Without catalyst                                                  59.8 

Literature values for 

sulphated catalyst                                      24.0 – 30.0 [26-27] 

uncatalyzed reaction                                           59.3 [28] 

 

3.2.3 e) Reusability 

The catalyst T-HS-12 showed significantly superior activity 55 % conversion of acetic acid as 

compared to the similarly prepared sulphated sample with ammonium sulphate. The latter 

analysis gave only 44 % conversion as shown in Table 3.2.2. The activity of sample T-HS-13 

showed even higher activity which was 71 %. This catalyst was further then investigated for 

reusability and the results are compared with pure and sulphated DP-25 TiO2. The catalytic 

activity values are summarized in Table 3.5.  
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 Fig. 3.15. a) XRD Pattern and inset with M-H hysteresis profile for T-HS-13/Fe3O4 catalyst. b) 

Reusability of T-HS-13/Fe3O4 catalyst for esterification of acetic acid with n-butanol. 

Table 3.6 Catalytic activity in terms of % Conversion following reuse and re - sulphation. 

 

 

 

 

When the catalyst T-HS-13 was recovered and used again its activity dropped to 36 % from the 

initial value of 71 %. This decrease in activity of the sulphated catalysts can occur due to 

leaching of sulphate from the catalyst surface [29]. The used catalyst was then re - sulphated 

using H2SO4 as follows. Catalyst was washed with water and heated to 450 
o 
C. The heated 

catalyst (0.2 g) was  re-sulphated by addition of 5 mL of 1M H2SO4 and stirred for 2 h and 

 

                                                     Conversion of acetic acid (%) 

                                                       T-HS-13                 DP-25      

 

Commercial                                        -                           30                                                 

Sulphated                                          71                          36                          

Reused                                              36                          29 

Re - sulphated using (H2SO4)           72                          34                          
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calcined at 550 
o 
C and used again for the reaction. The re - sulphated catalyst was again used for 

the esterification reaction and catalytic activity was restored showing nearly 72 % conversion. 

Thus the activity of the catalyst could be easily regenerated. In comparison the pure and 

sulphated DP-25 catalyst showed only 30 % and 36 % conversion respectively. Thus the 

sulphated DP-25 was 50 % less active as compared to the catalyst prepared in this investigation. 

When the sulphated DP-25 was reused the catalytic activity dropped further to 29 %. When it 

was resulphated the activity was partly restored with 34 % conversion. It is therefore concluded 

that the sulphated TiO2 catalyst prepared by using hydrazine sulphate not only showed very high 

activity but can be easily regenerated by re-sulphation. Inorder to address problem of the 

recovery and reusablity of the catalyst megnetic T-HS-13/Fe3O4 was prepared and it was found 

to be showing almost activity of 70 %. The synthesized catalyst was able to separate by megnetic 

seperation process and reused again. After reusing for second cycle activity obtained is 68 % 

which remains constant for the repeated 4 cycles for the reaction for reusability. 
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3.2.3 f) Correlation of catalytic activity with structural features 

Catalytic activity of sulphated TiO2 and its relation to structural features is widely investigated 

[20, 28-32]. Table 3.7 summarizes the catalytic activity in relation to their structural features. 

Table 3.7 Catalytic activity of the sulphated TiO2 in relation to surface area, particle size and 

strength of acid sites. 

Catalyst                              Total acidity                  Surface    Particle              % 

   code                    (W+S)     (M+S)     (W+M+S)     area         size           Conversion       

                             (mol/g)  (mol/g)   (mol/g)     (m
2
/g)       (nm)         of acetic acid        

T-HS-13                 255.1        133.6        291.5           81           10                   71 

T-HS-12                 127.4        109.2        157.7           72           12                   55 

T-AS-12                   42.2          18.1          54.5           75            21                  44 

W = Weak acid sites, M = Medium acid sites   S = Strong acid sites   

 

The catalytic activity follows the order T-HS-13 > T-HS-12 > T-AS-12. It is clear from the 

above table that the catalytic activity of the catalyst T-HS-13 was highest with 71 % conversion. 

This is in agreement with its highest value of surface area. However there was no proportionate 

correlation between catalytic activity and the surface area for all the samples. However a better 

correlation was evident between catalytic activity and the particle sizes. Thus the catalysts with 

smaller particle sizes (10 – 12 nm) showed higher activity. To investigate the effect of the nature 

of acid sites, a series of plots were made between catalytic activity in terms of % Conversion of 

acetic acid types of acid sites Fig. 3.16. 
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Fig. 3.16. Correlation between catalytic activity (Conversion %) and concentration of various 

acid sites where W = Weak acid sites, M = Medium acid sites, S = Strong acid sites   

From the resulting correlation coefficients it was evident that the catalytic activity was 

proportional to the combined strengths of weak & strong acid sites. In conclusion the catalytic 

activity was mainly governed by (i) small particle sizes and (ii) weak + strong acid sites of the 

sulphated TiO2. From the pyridine adsorption studies as given above it is shown that the 

predominant acid sites are due to Bronsted acidity. It is proposed that the weak Bronsted acid 

sites are essentially associated with the hydroxyls linked to Ti – OH adjacent to the sulphate 

groups and strong acid sites are associated as part of the sulphate group. Fig. 3.15 illustrates the 

various acid sites in relation to the sulphate groups. 
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Fig. 3.17. (a) NH3-TPD profiles of the sulphated TiO2, T-HS-13 calcined at 550 
o 
C and 660 

o 
C 

(b) infra red spectra of the samples calcined at 550 
o 
C and 660 

o 
C. 

NH3-TPD profiles of the sulphated TiO2, T-HS-13 calcined at 550 
o 
C and 660 

o 
C. The sulphate 

groups remain stable in the sulphated TiO2 upto 550 
o 
C and decompose completely at 600 

o 
C. 

As a result the peaks due to weak and strong acid sites completely vanish. Fig. 3.17 (b) are the 

infra red spectra of the samples calcined at 550 
o 
C and 700 

o 
C which confirm that the peaks due 

to sulphate groups vanish after calcinations at 700
 o 

C. Esterification of acetic acid with n-butanol 

using H2SO4 catalyst was explained earlier [33]. Scheme - 3.3 gives the proposed esterification 

mechanism catalyzed by Bronsted acid sites on the sulphated TiO2. 
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                       Scheme 3.3. Mechanism of esterification of acetic acid and n – butanol. 

 

It is proposed that (i) The acid and alcohol get simultaneously adsorbed on adjacent sulphated 

TiO2 nanoparticles. (ii) The strong Bronsted acid sites protonate the carbonyl oxygen of the acid 

resulting in the formation of the carbocation species 3 (iii) Nucleophillic attack of the weakly 

adsorbed alcohol on species 3 resulting in the formation of the intermediate 4 on the catalyst 

surface. (iv) The unstable intermediate 4 will ultimately form the ester 6 through intermediate 

formation of species 5.  
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3.2.4 Conclusions 

1. The investigation reports for the first time, the use of hydrazine sulphate as sulphating agent to       

     successfully introduce sulphate groups in the metal oxides. The resulting sulphated TiO2 was  

     fine particle size as compared to other similarly synthesized samples using H2SO4 or (NH4)2  

     SO4 

2. The catalytic activity was determined for esterification reaction between acetic acid and n- 

     butanol. The rate of esterification followed second order kinetics. The activation energy of 17  

      kJmol
–1

 was significantly lower than the reported values of 24 - 30 kJ mol
–1

 for the reaction. 

3. The activity was largely dependent on the small particle size and high concentration of weak  

     as well as strong acid sites of the sulphated oxide prepared using hydrazine sulphate as  

     sulphating agent.  

 

 

 

 

 

 

 

 

 

 



118 

 

References. 

[1] J. L. R. Vega, A. A. Parez, R. Gomez, M.E. N. Gomez, Appl. Catal, A: Gen. 379 (2010) 24 - 

29. 

[2] J. Enriquez, L. Lajas, R. Alamilla, E. Martin, P. Alamilla, E. Handy, G. Galindo and L.  

      Serrano, Open J. Metal. 3 (2013) 34 - 44. 

[3] K. C. Patil, M. S. Hegde, T. Rattan, S.T. Aruna, Chem. of Nanocryst Oxide Mater; Combus.  

     Syn, Prop. and Appl, World Scientific (2008). 

[4] S. V.  Atghia and S. S. Beigbaghlou, J. Nanostructure in Chem. 3 (2013) 38. 

[5] R. Change, I. Wang, J. Catal. 107 (1987) 195 - 200. 

[6] A. R. Gandhe, J. B. Fernandes, J. Mol. Catal. A: Chem. 226 (2005) 171 -177. 

[7] A. R. Gandhe, J. B. Fernandes, S. Varma, N. M. Gupta, J. Mol. Catal A: Chem. 238 (2005)  

      63 - 71.  

 [8] D. Singh, P. Patidar, A. Ganesh and S. Mahajani, Ind. Eng. Chem. Res. 52 (2013) 14776 - 

       14786. 

[9] M. Basude, J. Chem and Pharma Res. 4 (2012) 3021 - 3025. 

[10] K. T. Li, C. K. Wang, I. Wang, C.M. Wang, Appl. Catal. A: Gen. 392 (2011) 180 - 183. 

[11] Y. Wang, Y. Gan, R. Whiting, G. Lu, J. Solid State Chem. 182 (2009) 2530 - 2534. 

[12] R. Gomez, T. Lopez, E. O. Islas, J. Navarrete, E. Sanchez, F. Tzompanztzi, X. Bokhimi,   

        J. Mol. Catal A: Chem. 193 (2003) 217 - 226. 

[13] Z. Li, R. Wnetrzak, W. Kwapinski and J. Leahy, ACS Appl. Mater. Interf. 4 (2012)    

        4499 - 4505. 

[14] H. Pan, J. Wang, L. Chen, G. Su, J. Cui, D. Meng, X. Wu, Cat. Commun. 35 (2013) 27 - 31. 

[15] H. Yang, H. Song, H. Zhang, P. Chen, Z. Zhao, J. Mol Catal A: Chem. 381(2014) 54 - 60. 



119 

 

[16] W. Shi, J. Li, React Kinet Mech Cat. 111 (2014) 215 - 233. 

[17] K. Raj, B. Viswanathan, Indian J. of Chem. 48 A (2009) 1378 - 1382. 

[18] Y. Hu, B.G Uo, Y. Ren, G. Tang, X. Chen, B. Yue and H. He, Chem. Commun. 14 (2015) 

 [19] C. Morterra, G. Cerrato, C. Emanual and V. Bolis, J. Catal. 142 (1993) 349 - 367. 

[20] X. H. Lin, S. F. Y Li, Appl. Cat. B. 170 (2015) 263 - 272. 

[21] L. Noda, R. Almeida, N. Goncalves, L. Probst, O. Sala, Catal. Today. 85 (2003) 69 - 74. 

[22] M. Waqif, J. Bachelier, O. Saur and J. C. Lavalley, J. Mol. Catal. 72 (1992) 127 - 138. 

[23] J. Wang, H. Pan, A. Wang, X. Tian, X. Wu, Y. Wang, Catal. Commun. 62 (2015) 29 - 33.  

[24] J. Sohn, S. Lee, P. Cheon and H. Kim, Bull. Korean. Chem. Soc. 25 (2004) 5.   

[25] S. Naik, J. Fernandes, J. Thermochim.  Acta. 332 (1999) 21 - 25. 

[26] A. Toor, M. Sharma, G. Kumar, and R. K. Wanchoo, Bull. Chem. React. Eng & Catal.  

        6 (1) (2011) 23 - 30. 

[27] C. Huang, C. Yang, P. Gao, N. Wang, C. Chen, J. Chang, Green Chem. 17 (2015) 3609 - 

        3620.  

[28] A. Izci, F. Bodur, Reactive and Functional Polymers. 67 (2007) 1458 - 1464. 

[29] S. Anuradha, K. Raj, V. R Vijayaraghavan and B. Viswanathan, Ind. J. Chem. 53(A) (2014) 

        1493 - 1499. 

[30] K. M. Parida, G. C Behera, Catal. Lett. 140 (2010) 197 - 204. 

[31] K. M. Parida, N. Sahu, N. R. Biswal, B. Naik, A. C. Pradhan, J. Coll. Interf. Sci. 318 (2008)  

        231 - 237. 

[32] S. Pany and K. M. Parida, ACS Sustainable Chem. Eng. 2 (2014) 1429 - 1438.   

[33] W. H. Brown and C. S. Foote." Organic Chemistry", 2
nd 

ed, Saunders College Publishing, 

         New York (1998). 



120 

 

 

 

 

 

 

 

 

 

 

CHAPTER IV : PHOTOCATALYSIS  
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Role of TiO2 and Fe2O3 as photocatalysts 

General introduction and photocatalytic degradation of methylene blue and 4-Nitrophenol. 

A photocatalyst is usually a semiconductor material that generates catalytic activity using energy 

from visible or ultraviolet light. TiO2 and Fe2O3 are well known semiconductor materials with 

band gap energies around 3.2 and 2.10 eV respectively. They are well known catalytic materials 

owing to their thermodynamic stability, non-toxicity, chemical inertness, stability over a wide 

pH range, ease of synthesis and ready availability.  

Presence of pollutants such as organic dyes and phenols in waste waters have become one of the 

crucial health problems. Photocatalytic oxidation is a convenient process to overcome the 

challenge of mitigating these pollutants. In the present investigation, TiO2 and Fe2O3 are 

obtained by newer synthetic strategies and their applicability is tested for photocatalytic 

degradation of methylene blue and 4-Nitrophenol which are some of the toxic pollutants in 

water. 

                   

               (a) Methylene blue                                                    (b) 4-Nitrophenol 
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Degradation of methylene blue and 4-Nitrophenol 

Nitrophenols are widely used for manufacture of pesticides, dyes and pharmaceuticals. They are 

often found in industrial waste waters and are considered as highly toxic pollutants with 

permissible limits less than 20 ppb. They are dangerous and pose health hazards due to their high 

stability and high solubility in water. 4‐Nitrophenol is also reported as carcinogenic organic 

pollutant which cannot be easily decomposed in sunlight without the aid of strong oxidizing 

agents [1, 2]. TiO2 suspension is found to be effective in photocatalytic degradation wherein the 

effect is enhanced in presence of graphene [1- 3]. 

Fenton reagent FeCl2/H2O2 is found effective in mitigating these pollutants under illumination 

A homogeneous photo - Fenton process could degrade NPs under acidic conditions more 

effectively in a short irradiation time [4-7]. AOPs which generate hydroxyl radicals are often 

helpful in mitigating organic pollutants in waters. Heterogenous photocatalysis using artificial uv 

light in conjunction with semiconductor materials such as TiO2 and ZnO are considered preferred 

processes. There are also several reports using Fe2O3, TiO2 or Fe2O3-TiO2 photocatalysts which 

are found effective in mineralizing nitrophenols. Photocatalytic degradation of 4-Nitrophenol 

using TiO2 + Fe2O3 and TiO2 / Fe2O3 - supported bentonite as heterogeneous catalysts. 

Compared with the separate α-Fe2O3 nanoparticles and TiO2 nanotubes, the composite α-Fe2O3 / 

TiO2 nanotubes electrodes were more effective in the photoelectron - Fenton degradation of 

phenol [8]. 

In the present investigation a simple procedure is adopted to develop TiO2 and a magnetic ferric 

oxide to rapidly degrade 4-Nitrophenol by a heterogeneous photo Fenton process. 

Photocatalysis is one of the greener process through which methylene blue and 4-Nitrophenol 
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from the waste water can be degraded. Photocatalyst with high band gap such as TiO2 and visible 

light active Fe2O3 are well known for their role in photodegradation of methylene blue. 

Testing for photocatalytic activity 

Photodegradation of methylene blue dye 

The photocatalytic activity of the synthesized catalysts was evaluated by using degradation of 

methylene blue as a test reaction. The experiment was carried out with all the catalysts by 

simultaneously exposing the dye solutions to sunlight for 120 min, between 10.00 am and 12.00 

noon. In a typical run, 100 mL of aqueous dye solution (12 ppm, pH 7.5) and 0.4 g of the 

catalyst, were taken in a 250 mL beaker and was exposed to sunlight for the duration of the 

experiment. The pH was adjusted with 0.1 M NaOH solution. The solutions thus exposed to 

sunlight were stirred intermittently. After every 15 minutes, 0.5 mL aliquots were pipetted out, 

centrifuged and the absorbance of the clear supernatants was determined at 660 nm wavelength 

against appropriate 

blanks. 

 

Photodegradation of 4-Nitrophenol 

Photocatalytic degradation of 4-Nitrophenol ( 50 mL, 0.1 mmol / L ) was carried out with 0.01 g 

of the catalyst, in presence of 5 mL of 0.1M H2O2 ( pH = 5 ). The solutions were exposed to 

sunlight and were stirred intermittently. After every 20 min, 2 mL of reaction mixture was 

centrifuged and analyzed by UV-Vis spectroscopy against appropriate blank. 

Herein we discuss synthesis, characterization and photocatalytic activity of TiO2 and Fe2O3 in 

sections 4.1 and 4.2 respectively. 
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4.1: TiO2 as a photocatalyst 

4.1.1 Synthesis and XRD analysis 

In the previous chapter (Ch.3), we have reported synthesis of a sulphated TiO2 as a solid acid 

catalyst for use in esterification reaction. The precursors were prepared by using Titanium 

isopropoxide and hydrazine sulphate in the molar ratio 1:2 and 1:3. Further, another precursor 

was prepared by using ammonium sulphate (AS) in place of hydrazine sulphate at a molar ratio 

of 1:2 and were designated as T-HS-12 and T-HS-13. The precursor with ammonium sulphate 

was designated as T-AS-12.  The formation of these precursors as a white residue, was illustrated 

in previous chapter Scheme 3.1, The codes T, T1 and T2 given for the resulting TiO2 samples is 

explained in Table 4.1. 

Fig. 4.1 gives thermal analysis patterns (TG, DTG, DTA) of these precursors. It can be seen that 

all the precursors have their unique multistep decompositions. These decompositions get 

completed at around 600 
o 
C. Hence the TiO2 photocatalysts reported here were obtained by 

calcination of the precursors at this temperature. Their phase composition was analyzed by XRD.  
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Fig. 4.1 TG –DTA, DTG profiles of the synthesized precursors: AS - Ammonium sulphate, HS - 

Hydrazine sulphate, T-HS-13 is precursor for T, T-HS-12 is precursor for T1 and T-AS-12 is 

precursor for T2. 



126 

 

Fig. 4.2 gives the XRD patterns of the synthesized samples. All the samples gave peaks 

corresponding to the anatase phase. The crystallite sizes were calculated by using Scherrer 

formula. The results are summarized in Table 4.1. It is seen that all the synthesized samples 

prepared by calcination of the sulphated precursors, produced fine particles of size in the range 

16-24 nm. The values of the calculated lattice parameters were in agreement with tetragonal unit 

cell of anatase TiO2. 

                            

 Fig. 4.2 XRD patterns of the synthesized TiO2 samples.  
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Table 4.1 : Synthesis and XRD analysis of the TiO2 samples. 

Components of 

the TiO2 

precursor 

Catalyst code 

for TiO2 

following 

calcination at 

600 
o 
C 

 

 

Phase of TiO2 

Scherrer 

crystallite 

size 

(nm) 

Lattice 

parameters 

for the tetragonal 

lattice of anatase 

a = b          c 

AS + Ti-ip (1:2) T2 Anatase 24 3.786     9.532    

HS + Ti-ip (1:2) T1 Anatase 20 3.784     9.559    

HS + Ti-ip (1:3) T Anatase 16 3.780     9.465         

HS-Hydrazine sulphate, AS-Ammonium sulphate and Ti-ip is Titanium isopropoxide 

4. 1. 2 a) Characterization by electron microscopy and surface area measurements. 

In addition to XRD analysis, the samples were further characterized by electron microscopy 

(TEM, SEM-EDAX), BET surface area and porosity measurements, raman, infra red and UV-

Vis  spectroscopy, ESR, NH3 – TPD and VSM. 

Some of the sample characteristics are presented in Table 4.2  
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Fig. 4.3 TEM images of the synthesized samples 

TEM analysis (Fig. 4.3) confirmed the presence of fine particles in the range 8-18 nm.  The 

hydrazine sulphate based precursor thus favours formation of fine particle size TiO2. 

Table 4.2 Synthesis and properties of TiO2 samples. 

Catalyst   TEM          Surface     Pore       Pore      Elemental data from EDAX            Band                                 

  code      particle          area      volume   radius        analysis                                         Gap 

                sizes  

                (nm)            (m
2
/g)     (cc/g)       (Å )        Ti         O         S     O/Ti     S/Ti     (eV)                  

 

T                8                  46        0.181       79.20   32.46   66.89   0.66   2.060   0.020    3.53 

T1             14                 47        0.202       86.55   32.61   66.85   0.54   2.049   0.016    3.49 

T2             18                 56        0.268       96.67   32.72   66.82   0.46   2.042   0.014    3.58 
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Fig. 4.4 (a) N2 adsorption - desorption isotherms and (b) Pore size distributions of the samples.  

All the synthesized samples showed type IV adsorption isotherms. Fig. 4.4 (b) gives pore size 

distribution of the synthesized samples. Both samples T and T1 gave average pore radii in the 

range below 100 Å  whereas in case of sample T2 there was a much wider distribution of pore 

radii which is between 50 – 400 Å .
 

As seen in Table 4.2, the sample T2 prepared using ammonium sulphate, showed larger particle 

size but higher surface area as compared to samples synthesized using hydrazine sulphate. These 

latter samples showed much sharper pore size distribution centered at around 97 Å  (Fig. 4.4 b). 

On the other hand, T2 showed much larger pore volume and wider pore size distribution. This 

internal porosity imparts large surface area for T2 even though it had larger particle sizes.   



130 

 

Presence of sulphur in the synthesized catalysts was confirmed from SEM - EDAX analysis (Fig. 

4.5).  The quantities of Ti, O and S are given in the Table 4.2. It is thus seen that the % S in T2 is 

lowest. It is due to loss of larger number of sulphur - oxo groups during calcination of its 

ammonium sulphate based precursor. This helped in developing larger porosity and consequently 

its larger surface area. This is also accompanied by decrease in the O/Ti ratio suggesting 

presence of higher number of oxygen vacancies. The loss of sulphate groups are known to cause 

increase in vacancies or defects [9-16].  
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Fig. 4.5. SEM –EDAX images of synthesized samples 
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4.1.2 b) Spectroscopic characterization 

Further characterization of the samples was carried out using Raman, IR and UV-Vis 

measurements. 

  

                           Fig. 4.6 Raman spectra of synthesized samples          

Fig. 4.6 give the raman spectral bands  at 142.8 cm
-1→Eg, 197.6 cm

-1⟶Eg, 396.1 cm
-1→ B1g, 

514.8 cm
-1→ A1g + B1g  and 639.7 cm

-1→Eg.  these  correspond to symmetry modes of anatase 

TiO2. There was no band  ~1000 cm
-1

 which would correspond to the presence of sulphate 

groups [17-18].  

There was also significant decrease in band intensity of T2 and this can be due to changes in the 

Ti - O bond vibrations associated with oxygen vacancies as evident from its low O/Ti ratio. 
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                            Fig. 4.7 IR spectra of synthesized samples 

IR analysis was carried out Fig. 4.7 and presence of vibrational modes at 476 cm
-1

, 578 cm
-1

,  

708 cm
-1 

corresponds to the anatase phase of TiO2 [19]. As seen in Fig. 4.7 inset the original 

vibration band in TiO2 at 476 cm
-1 

is blue shifted to 482 cm
-1

 as compared to IR spectra of 

Degussa TiO2. Also the vibration modes at 574 cm
-1

 and 708 cm
-1

 are red shifted to 563 cm
-1

 and 

689 cm
-1

. These shifts in the vibration modes are attributed to the presence of oxygen vacancies. 
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                             Fig. 4.8. ESR spectra of synthesized TiO2 samples    

 Fig. 4.8 gives ESR spectra of the synthesized TiO2 samples. The ESR signal at g = 2.003 is due 

to presence of superoxide O2
- 
 ion whereas, the signal at g = 1.98 is due to presence of Ti

3+
 [20]. 

Presence of peaks at 2.003 in T, T1 and T2 is due to Ti
4+

 - O2
- 
superoxide species. It is a result of 

chemisorptions of oxygen adjacent to Ti
3+

 centers. Such a peak did not exist in DP-25 [21]. 

Existence of such Ti
3+

, leads to high visible light absorption and thus enhances the rate of 

photocatalytic activity in visible light [22]. Thus the electron microscopy and spectral analysis 

confirmed presence of oxygen vacancies, that can affect structural parameters and reactivity of 

the synthesized samples. 
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                                           Fig. 4.9 UV- Vis spectra of the synthesized samples 

 Fig. 4.9 gives UV-Vis spectra of the synthesized samples. The calculated band gap values are 

given in the Table 4.2 These values were in the range of 3.5 eV to 3.6.                              

 

c) Nature of acid sites 

 In order to study the type of acid sites, pyridine adsorption was carried out [23]. Fig. 4.10 (a) 

gives IR spectra of samples following adsorption of pyridine. The TiO2 samples show distinct 

peaks at 1402 cm
-1

 which were absent before pyridine adsorption. This confirms that all the 

synthesized samples exhibit Lewis acidity due to presence of Ti
3+

 or Ti
4+

 cations on the catalyst 
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surface.  

The relative acid strengths were evaluated following temperature programmed desorption of pre-

adsorbed NH3. The corresponding TPD profiles are shown in Fig. 4.10 (b). The resulting 

quantification of acid sites is presented in Table 4.3. The hydrazine sulphate derived samples T 

and T1 showed large concentration of weak and medium strength acid sites (72 and 66 mol g
-1

) 

respectively. The corresponding strength of acid sites for the ammonium sulphate derived sample 

(T2) was merely 18 mol g
-1

. This could probably be due to preferred presence of Ti
3+

 as Lewis 

acid sites on this catalyst surface than Ti
4+ 

[24]. As oxygen evolution occurs during combustion 

synthesis, developing oxygen vacancies, there is concomitant generation of Ti
3+  

Lewis acid sites 

from Ti
4+

. 

                                Ti
4+ 

– O – Ti
4+

    ⟶   ½ O2   +   Ti
3+ 

– □ – Ti
3+

                                                                                                                                

Chemisorption of O2  at the vacancy site could further lead to formation of superoxide O2
–
 or 

peroxide species O2
2 –

 respectively to attain surface configurations such as  

Ti
4+ 

– O2
–
 – Ti

3+
 and Ti

4+ 
– O2

2 –
 –Ti

4+
. These cationic Ti species lead to Lewis acidity of varying 

strengths on the catalyst surfaces. 
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Fig. 4.10 (a) IR spectra of samples following adsorption of pyridine (b) TPD profiles following 

NH3 adsorption. 

Table 4.3: Strength of acid sites of the synthesized samples. 

Catalyst           Strength of acid sites (mol g
-1

)                                      Total acidity               

code                Weak               Medium                 Strong           (W+M)    (W+M+S)    (M+S)   

                (100 
o
C-250 

o
C) (250 

o
C-350 

o
C) (350 

o
C-450 

o
C)   (mol/g)   (mol/g)   (mol/g)        

T                       36                      36                          18                    72             90              54 

T1                     36                      30                           0                     66             66              30 

T2                      6                       12                         18                     18             36              30 

 

4.1.3 Magnetic properties  

Room temperature ferromagnetism has been reported in pure and Co-doped TiO2 nanoparticles 

[25]. It was attributed to presence of oxygen vacancies and structural defects. A titanium ion 
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vacancy can also be responsible for ferromagnetism in undoped anatase TiO2 [26] or due to 

presence of a high density of paramagnetic oxygen vacancy centers [27]. A weak room 

temperature ferromagnetism  

( ~ 0.01 emu/g) has been reported in reduced rutile TiO2-δ (TiO1.84) [28].  

Fig. 4.11 gives the magnetic moments of the synthesized TiO2 samples wherein the 

ferromagnetism range from 0.04 to 0.07 emu/g.   

                   

Fig. 4.11 a) VSM analysis of T, T1, T2 and DP-25 with inset showing presence of some 

coercivity.  

 

These values are similar to those reported for room temperature ferromagnetism in TiO2 

nanoparticles and can be attributed to the presence of oxygen vacancies and Ti
3+

 ions. A linear 

relationship was reported between presence of Ti
3+

 and oxygen deficiency in TiO2 [29]. Presence 
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of oxygen vacancies would imply less oxygen content and hence low O/Ti ratio, high porosity 

and surface area. Ferromagnetic property of oxygen deficient TiO2 can thus be influenced by 

shape, size and porosity of the catalyst [30]. It is seen that the sample T2 has the lowest O/Ti 

ratio among these synthesized samples. Therefore, as expected it shows highest ferromagnetic 

value. However the overall magnetism will depend on interplay of several factors affecting 

magnetism such as oxygen vacancies, nature of cation vacancy Ti
3+ 

or Ti
4+

, crystal phase, 

stoichiometry etc. Presence of vacancies alter the band structure by electrons occupying 

localized Ti 3d orbitals and thus reduce Ti
4+

 to Ti
3+

 ions and F
+ 

centre formed. The s - d 

exchange interaction between F
+ 

centre and Ti
3+

 is known to favor the existence of 

ferromagnetism [31]. 

Table 4.4 Magnetic measurement and respective values obtained 

Catalyst code Ms (emu/g) Mr (emu/g) Hc (Oe) 

T 0.067 0.002 79.85 

T1 0.043 0.002 89.81 

T2 0.071 0.002 98.81 

DP-25 0.053 0.002 89.81 

  

4.1.4 Factors affecting photocatalytic degradation of 4-Nitrophenol 

Control experiments were carried out to study various factors that affect photocatalytic process. 

Fig. 4.12 gives photodegradation profiles of 4-Np under various conditions. There was no 

significant degradation of 4-Np in sunlight without catalyst. Fig. 4.12 (a) The rate of degradation 
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was slightly enhanced in presence of TiO2 catalyst. In presence of catalyst photodegradation is 

known to occur via photo oxidation through intermediate formation of 
.
OH radicals. In presence 

of both catalyst and H2O2 rate of oxidation is further enhanced due to formation of more number 

of 
.
OH radicals. Degradation was maximum when concentration of H2O2 was 0.1M H2O2. 

Concentration of pollutant is one of the important factors on which photodegradation depends. 

Therefore the degradation rate was also studied at different concentrations of 4-Np. As seen in 

Fig. 4.12 (d) degradation of 4-Np depends significantly on the concentration of 4-Np. 

Degradation of 4-Np increases as the concentration of 4-Np decreases. Also rate constant 

decreases with increase in 4-Np concentration therefore it follows pseudo order kinetic and their 

respective rate constants are given in Fig. 4.12 e). Decrease in 4-Np degradation could be due to 

less availability of surface active sites of the catalyst.  Fig. 4.12 c) gives variation in 4-Np 

degradation with different amount of catalyst. 4-Np degradation increases with amount of 

catalyst and maximum degradation was obtained when catalyst was 50 mg. It can therefore be 

concluded that as the catalyst amount is increased there is more number of surface active sites 

available for the 4-Np to undergo oxidation  reaction.    
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Fig. 4.12. Factors affecting photodegradation of 4- Nitrophenol. a) Presence of oxidizing agent 

H2O2 b) Effect of concentration of H2O2 c) Effect of amount of catalyst d) Effect of 4-Np 

concentration. e) Kinetic plot of rate constant V/s concentration. 
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4.1.5  Photocatalytic activity and its relation to surface properties 

As evident from the above results, catalyst T2 consist of more number of oxygen defects and 

sample T1 and T consist of more of acidity (Table 4.3) Fig 4.13. Photocatalytic activity of all the 

synthesized samples was carried out by measuring degradation rates of using methylene blue and  

4-Nitrophenol. In both cases catalysts T2, T1 and T showed higher activity then the commercial 

DP-25.  

 

 Fig. 4.13 Photodegradation of methylene blue dye (a) and (b) photocatalytic degradation of 4-

Np in presence of 1M H2O2. 

The higher activity of T2 is due to presence of oxygen defects and higher activity of T1 and T2 

catalyst was due to their acidic nature. Presence of oxygen vacancies will act as larger number of 

electron trapping site and thus inhibits electron – hole recombination. The oxygen vacancies 

occupy the level just above valence band and will trap the electron and thus inhibit the 

recombination process. Whereas, Lewis acidity in T1 and T will helps in the O2 adsorption 
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process. This will further facilitate the trapping of electrons in the photocatalytic process. Lewis 

acidity in the samples helps in the chemisorptions of water to generate reactive hydroxyl radicals 

which further enhance the rate of photocatalysis [32].  Whereas, adsorption of oxygen is more 

predominant on the oxygen deficient surface thus facilitating interfacial charge transfer.   

                    

                                Fig. 4.14 Plot of total acidity and surface area of the catalyst 
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                                   Fig. 4.15 Relation between O/Ti ratio with that of surface area.               

4.1.6 Photocatalytic mechanism 

It is thus seen from the pyridine adsorption studies that the synthesized TiO2 samples show Lewis 

acid sites. From TPD-NH3 studies it is clear that the TiO2 samples T and T1 derived from 

hydrazine sulphate method exhibit large presence of weak and medium strength acid sites. On 

the other hand the sample T2 derived from ammonium sulphate method showed very low 

concentration of these acid sites. However this sample showed larger ferromagnetism and 

coercivity (Table 4.4), which is associated with presence of Ti
3+

 centres and oxygen vacancies. 

Hence it is proposed that the photocatalytic activity of T2 is primarily mediated by Ti
3+

 species 

and that of T1 and T, the Ti
4+

 species are responsible to cause degradation of 4-Np. This is 

illustrated in Scheme 4.1 (a) for T2 and 4.1 (b) for T and T1. In both cases, the photodegradation 

proceeds through intermediate generation of OH
.
 species. 
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Scheme 4.1 General photocatalytic mechanism operating on the photocatalytic activity on 

surface with oxygen vacancy and presence of Lewis acidity. 

4. 1.7  Conclusions 

1. TiO2 photocatalysts were prepared by calcinations of precursors obtained from  

    (i) Ti - isopropoxide and hydrazine sulphate. 

    (ii) Ti – isopropoxide and ammonium sulphate. 

2. It also showed some ferromagnetic behavior in the range 0.08 emu/g.  

3. Photocatalytic activity results showed that activity of the TiO2 was due to its high surface area,    

    oxygen vacancies and presence of surface acidity. 
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4.2 : Iron oxide as a photocatalyst 

4.2.1: Scheme of synthesis 

We have earlier described in 2.1, urea induced synthesis of ferric oxides. The method had 

involved combustion of a molten solution of ferric nitrate and urea. These oxides belonged to α-

phase and showed ferromagnetic behavior. The surface areas were in the range 35 - 140 m
2
g

-1
 

and showed photo - Fenton effect in catalytic decomposition of hydrogen peroxide.  

Herein, we report a modified synthesis to develop a high surface area and photocatalytically 

active Fe2O3. The method uses urea a well as oxalic acid in aqueous phase instead of molten salts 

and generating a solid precursor which was then calcined at 400 
o 
C. The method is illustrated in 

the following scheme. This difference in synthesis resulted in formation of product of much 

larger surface area and is discussed below.                                                                      
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                           Scheme  4.2 Synthesis of iron oxide by urea - oxalic acid  method 

 

4.2.2  Synthesis and XRD analysis 

All the chemicals used were of analytical grade. Ferric nitrate, urea and oxalic acid, each of these 

were dissolved separately in 50 mL of distilled water. The three aqueous solutions were then 

mixed together such that the respective molar ratios of ferric nitrate: urea: oxalic acid were 1:2:3. 

The mixture was preheated uniformly up to 60 
o 
C. This resulted in formation of a dry yellowish 

green colored residue. For comparison, another precursor was prepared with molar ratio of ferric 
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nitrate, urea and oxalic acid 1:0:3. These precursors were characterized by thermal analysis (Fig. 

4.16). It was seen that the precursors decomposed between 300 – 400 
o 
C. Subsequently the 

entire dry residue was heated in a horizontal tubular furnace at 400 
o 
C for 2 h to obtain the final 

samples. The samples were designated in general as F-xyz e.g F-100, F-103a and F-123a. Where 

xyz correspond to the molar ratios of ferric nitrate, urea and oxalic acid respectively. The suffix 

„a‟ in the sample code was introduced to highlight the fact that aqueous solution of the 

components was used instead of the molten salts, for the synthesis. 

                     

                                     Fig. 4.16. Thermal analysis of the synthesized precursors                        

The XRD patterns of the samples are presented in Fig. 4.17. All the three samples F-100, F-103a, 

and F-123a could be indexed on the basis of hexagonal phase of -Fe2O3. The lattice parameters 

were a = 5.035 Å , c =13.74 Å  
and were in agreement with JCPDS, file no. 33 - 0664.  
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Fig. 4.17. XRD patterns of the -Fe2O3 samples synthesized by using different molar 

composition of ferric nitrate : urea : oxalic acid. 

Fig. 4.18 gives IR spectra of the synthesized iron oxides wherein the band at 1617 cm
-1

 is due to  

O-H bending sharp peak at 1374 cm
-1

 [2] and bands in the range of 450 - 600 cm
-1

 are due to 

metal - oxygen bond.                       
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                                Fig. 4.18. IR spectra of synthesized iron oxide samples                

4.2.3 Synthesis and structural parameters    

Table 4.5 Summarizes the synthesis of the iron oxides and their structural parameters.           

Catalyst  Urea  Oxalic   Lattice Particle   Band     Lattice            Ms        Surface   Pore       Pore    

  code                 acid      strain    size        gap    parameters                       area     volume    radius                                                                                                                                                      

                                                    (nm)      (eV)       (Å)               (emu/g)   (m
2
/g)    (cc/g)      (Å )          

                mol     mol                                              a = b      c                                                                    

 F-100         0         0         0.063     19       2.03    5.031   13.771   0.78        44       0.185    17.033 

 F-103a       0         3         4.036     14       2.06    5.027   13.567   7.32        63       0.220    19.091 

 F-123a       2         3         0.181       5       2.08    5.023   13.710   8.38       272      0.665    17.034 
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                                             Fig. 4.19. TEM images of the synthesized iron oxide 

Fig. 4.19. gives TEM images of the samples and their respective particle sizes are given in Table 

4.4. The sample F-123a showed particle size of 5 nm, whereas in case of other samples F-100 

and F-103a, the particle sizes were much larger 14 & 19 nm. Thus use of oxalic acid during 

synthesis was crucial in obtaining iron oxide nanoparticles of very small size. Fig. 4.20 gives the 

N2 adsorption-desorption isotherms and pore size distribution of the samples. They exhibit type 

IV hysteresis profiles which indicate mesoporosity of the samples. Thus, use of both urea and 

oxalic acid in the synthesis have affected the size as well as porosity of the samples. Thus the 
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sample F-123a, exhibited a distinct pore size distribution profiles, which is associated with large 

pore volume. As seen from Table 4.4, the pore volume of this samples (0.66 cm
3
) was over three 

times more as compared to the other two samples F-100 and F-103a which did not involve use of 

urea during synthesis. It is believed that the urea oxalic acid based precursor generates large 

volumes of gases during the calcinations stage, which is responsible for causing excessive 

porosity and surface area.  

   

 

Fig. 4.20. N2 adsorption – desorption isotherm and BJH pore size distribution curves for 

synthesized -Fe2O3 samples.    
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4.2.4  Magnetic properties 

When the size of the synthesized nanomaterials reaches below 10 nm, the particles are of single 

domain and the material exhibits near superparamagnetic property. Fig. 4.21 gives the magnetic 

characteristics of the samples which are summarized in Table 4.7. 

It is interesting to see that F-123a with small particle size (5 nm) showed super - paramagnetic 

behavior at room temperature with high magnetism 8.38 emu/g as compared to the other 

samples. 

                 

                 Fig. 4.21. Room temperature M-H curves of the synthesized iron oxide samples. 
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Table 4.6 Magnetic properties of synthesized samples. 

Catalyst     Particle 

  Code          size       

                    (nm)    

Band 

gap(CV) 

(eV) 

Band 

gap(UV) 

(eV) 

   Ms  

(emu/g) 

    Mr  

(emu/g) 

   Hc  

  (Oe) 

Mr / Ms 

F-100          19 2.1   2.1   0.78   0.103   1978.22 0.132 

F-103a         14 2.4   2.0   7.32    1.657 115.83 0.226 

F-123a          5 2.2   2.0   8.38   0.988  26.79 0.117 

             

  Fig. 4.22 UV-Vis absorption spectra of the synthesized samples. a) UV-Vis spectra b) CV 

profiles of the synthesized samples.  
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Fig. 4.22 gives UV-Vis spectra of the synthesized samples. In UV-Vis absorption spectra, shift in 

the respective band position is observed which is consistent with the decreasing particle size. 

Decrease in particle size results in narrowing of the width of the bands and therefore gap 

between valence and  conduction band increases resulting in high band gap of the metal oxide. 

The values of band gap obtained on an average around 2.2 eV. As seen in Table 4.4 there is 

change in band gap of the synthesized catalyst. Decrease in particle size changes band edges of 

the metal oxides [7]. Usually iron oxides are less known as photocatalytic materials, but 

introducing properties such as small particle size, high surface area and shift in their respective 

band edges can make it function as photocatalyst. 
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4.2.5 a) Catalytic decomposition of  hydrogen peroxide and 4-Nitrophenol 

H2O2 decomposition was carried out on all the synthesized catalysts to evaluate their activity for 

oxidation in dark and in sunlight. As seen in Fig. 4.23, all the synthesized catalysts F-100, F-

103a and F-123a showed activity towards H2O2 decomposition [8].                         

                  

                        Fig. 4.23 H2O2 decomposition in dark and in sunlight (pH = 5)  
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In absence of sunlight the catalytic activity followed the order F-100 > F-103a > F-123a. The 

decomposition was much more rapid in presence of sunlight due to photo - Fenton effect 

described earlier in Chapter 2.1.5.  Thus the OH
.
 species produced by interaction of Fe2O3 with 

hydrogen peroxide in presence of sunlight can cause enhancement of the decomposition of the 

pollutants. A large photo - Fenton effect was seen in F-123a which was at least 4 times more 

than in case of F-100. Thus, if the difference in gas evolution during catalysis in dark and 

sunlight, was 5 mL in case of F-100, the difference was 21 mL in case of F-123a. In presence of 

sunlight the catalytic activity for H2O2 decomposition followed the order F-123a > F-100 > F-

103a. Thus Fe2O3 is considered as a potential catalyst for photo - catalytic degradation of 

pollutants and other oxidation reactions [9-11].  

The synthesized Fe2O3 catalysts were further studied for photocatalytic degradation of 4-

Nitrophenol (4-Np). Fig. 4.24 compares the relative photocatalytic activity.  
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Fig. 4.24. Photocatalytic degradation of 4-Nitrophenol in presence of sunlight :  

 (a) Decomposition in presence of H2O2 and in its absence (dark lines).   

         (b) Time dependent UV - Vis spectra with the more active catalyst F-123a.   

                            (c) Comparative photocatalytic activity after 100 minutes. 

 

It can be seen from Fig. 4.24 (a), there was no significant photocatalytic degradation of 4-Np in 

absence of H2O2. There was enhancement in reaction in presence of H2O2. The rate of 

photocatalytic degradation followed the order F-123a > F-100 > F-103a. Thus the sample F-123a 
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was the most active. There was complete mineralization of 4-Np within 100 minutes with F-

123a. This is illustrated in Fig. 4.24 (b) by the time dependent UV-Vis spectra where the 

nitrophenol absorption was vanished. Fig. 4.24 (c) compares the relative activity of the three 

catalysts investigated. It is evident from the above results that the F-123a catalyst which was 

most active for decomposition of H2O2 is also the most active for degradation of 4-Np. It has 

been studied earlier in section 2.1.5 that decomposition of H2O2 occurs through insitu generation 

of hydroxyl radical OH* as oxidizing agent. 

Table 4.7 Surface area, lattice strain and pzc values of the synthesized iron oxide samples. 

Catalyst code Surface area Lattice strain pzc 

F-100       44     0.063 3.5 

F-103a       63     4.036 4.3 

F-123a      272     0.181 4.6 

The presence of more defects is evident from the lattice strain values in Table 4.7. 

Higher surface area of F-123a can be one of the possibilities that help in formation of more 

number of 
.
OH* radicals which facilitate interaction of reactant molecules with the active sites. 

High surface to volume ratio of the catalyst also favors reducing electron – hole pair 

recombination thus increasing activity of catalyst. Further the pzc values of the synthesized 

catalysts are summarized in Table 4.7 A high pzc value means surface is positively charged. The 

pzc of F-123a is 4.6 which is higher than that of F-103a and F-100 samples. Therefore, have 

strong tendency to adsorb anions. High pzc value of F-123a can be one of the reasons for 
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stronger adsorption of 4-Np and further undergoing rapid degradation. Thus, the synthesized iron 

oxide samples are active photocatalysts for advanced oxidation process for photodegradation of 

4-Nitrophenol. 

 

Fig. 4.25 gives variation in conductivities and pH with the photodegradation time. It is seen that 

as the photodegradation process goes on as the conductivity of the 4-Np decreases thus 

indicating fragmentation of 4-Np molecule and significance of degradation process.   

                        

Fig. 4.25 Variation in conductivity and pH with photodegradation time, when the -Fe2O3 

samples F-123a is used to decompose 4-Nitrophenol. 
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4.2.6 Reusability, magnetic stability and kinetic study 

 

Fig. 4.26 (a) Photocatalytic activity of F-123a for degradation of 4-Nitrophenol.                                        

               (b) Photocatalytic activity of F-123a following recovery and reuse for second time.  

               (c) Effect on magnetic property following reuse.                            

The synthesized F-123a catalyst was studied for its reusability and stability for photocatalytic 

degradation of 4-Np. As seen in Fig. 4.26 the rate of photodegradation was slower as compared 

to the first cycle. This can be due to reduction in activity of the catalyst due to surface 

deactivation. However, its ferromagnetic character was unchanged. Hence the catalyst could be 

easily separated using external magnet and re – used for further photocatalysis 
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Table 4.8 Correlation coefficient values for the synthesized samples.  

      Catalyst                 F-100     F-103a    F-123a     F-100+H2O2    F-103a+H2O2    F-123a 

+H2O2           

       code                              

    R
2
 First order           0.770      0.666        0.971             0.899                0.690                  0.662 

    R
2
 Second order       0.997      0.897        0.948             0.934                0.930                  0.853 

 Fig. 4.27 Correlation coefficient plots for the synthesized samples for 4-Nitrophenol degradation 

with and without H2O2. 

Kinetic studies were also carried out by plotting graphs of ln Ce v/s time and 1/Ce v/s time, 

assuming that the degradation of 4-Nitrophenol could follow 1
st
 or 2

nd
 order kinetics 

respectively, where Ce is the concentration of 4-Np after time t (Fig. 4.27) from correlation 

coefficient value it was found that without H2O2 the reaction follows first order only in case of F-

123a and was found to be less active. Whereas in case of F-100 and F-103a, the reaction follows 
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second order and are more active compared to F-123a. In presence of H2O2 reaction follows 

second order kinetics for all the synthesized catalysts.  

4.2.7 Conclusions 

1. A high surface area -Fe2O3 photocatalyst designated as F-123a was obtained by combined 

use of urea and oxalic acid during preparation of the Fe (III) precursor. 

2. The catalyst showed near superparamagnetic behavior with saturation magnetization of ~ 8.4  

     emu/g. 

3. (i) It showed unusually high rate of decomposition of hydrogen peroxide, when exposed to  

         sunlight, as compared to other samples. 

    (ii) Rapid photocatalytic degradation of 4-Nitrophenol was due to photo Fenton effect. 

    (iii) The catalyst could be easily recovered and reused without any loss of magnetism. 
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5.1 Introduction 

Supercapacitors are much sought after energy storage devices due to their high power densities 

and high rates of charging and discharging as well as longer cycle life in comparison to 

conventional batteries. Unlike conventional capacitors whose specific capacitance is in the range 

of micro and nanofarads, the supercapacitors exhibits specific capacitance of several hundred 

farads per gram. Capacitance is governed by the relation C =  A/d where A is the surface area of 

the electrode material and d is the distance of their separation. In supercapacitors, therefore, there 

is a need of porous material of high surface area in order to achieve high level of charge. Since 

capacitance also depends inversely on the distance between the two layers, it is desirable to 

minimize this distance. A more promising candidate for electrochemical double layer (EDL) 

supercapacitor electrode material is activated carbon and graphene. Graphene is ideally an atom 

thick, two - dimensional material composed of a monolayer hexagonal sp
2
 hybridized carbon. 

Graphene with high surface area of  > 2500 m
2
g

-1
 and high intrinsic electrical conductivity is 

believed to be one of the most promising electrode materials for supercapacitors. 

A theoretical specific capacitance for a graphene - based supercapacitor is 550 F/g. Use of 

graphene in supercapacitors has received increased attention due to its relatively low cost, elastic 

properties and inherent mechanical strength. Metal oxides especially transition metal oxide are 

redox materials and therefore can be used as electrode materials due to their pseudocapacitance 

behaviour. Combining metal oxides with graphene is also one of the ways to prevent 

agglomeration. Some of the extensively studied transition metal oxides for electrochemical 

supercapacitors are rhuthenium oxide, iridium oxide, vanadium oxide, chromium oxide. 

However their expensive nature and high toxicity has restricted their large scale application. 

Therefore there is need to develop such a metal oxide which is less toxic, highly abundant and 
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low cost. Metal oxides such as ZnO, Fe2O3, TiO2 are considered to be promising material for 

supercapacitors due to their high specific energy density, low cost, non toxicity, eco friendliness 

and abundant availability. These properties can be achieved either single metal oxide or by 

synthesizing composites. Composites can be secondary or tertiary composites. Therefore focus 

of the present study is on synthesis of secondary and tertiary composites and study their 

performance for application in supercapacitors. In the present investigation supercapacitance 

behavior of  following material is reported (i) Graphene supported TiO2, (ii) Graphene supported 

TiO2-Fe2O3 (iii) Graphene supported TiO2- Ferrrite nanocomposites.   

Supercapacitors store charge by rapid adsorption/desorption of the charged species at electrode 

surface. These are known to be electric double layer capacitors. They also store charge by 

faradaic reaction on electrode materials known as pseudocapacitors. [1]. Pseudocapacitors are 

based on transition metal oxide, hydroxides and conducting polymers and show higher 

capacitance through surface redox reactions. Carbon materials such as activated carbons, nano 

porous carbon materials which were used before and are now replaced by CNT and graphene. 

Most commonly studied metal oxide as electrode materials are RuO2 [2] MnO2 [3], SnO2 [4], 

NiO [5]. 

TiO2 is an attractive material in lithium ion batteries due to its low cost, natural abundance and 

environfreindliness. TiO2 can be reduced easily from Ti
4+

 to Ti
3+

at lower potential. TiO2 also 

exhibit safety and stability characteristic at operative potential of 1.5V. It can be studied as a next 

generation anode material. However, TiO2 limits the electrical conductivity and impedes fast 

electron trasport. Therefore, there is need to be combine it or use it along with a support which 

will  improve its electrochemical property e.g graphene. TiO2 coated with carbon 

nanotube/graphene/polyaniline nanocomposites were reported for supercapacitors. Lu et al. 
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reported hydrogenated TiO2 nanotube for supercapacitor [6,7]. Further report suggest that 

morphology also plays important role in electrode performance [8]. Thus TiO2 or hydrogenated 

TiO2 is an excellent potential material for supercapacitor applications due to its high surface area, 

chemical stability and wide potential window [9-11]. Graphene, with its high surface area as well 

as high electrical conductivity, can further enhance the supercapacitance property in TiO2. TiO2 

@ Fe2O3 is reported for its improved lithium ion storage performance [12]. TiO2 coated 

MWCNT decorated by Fe3O4 nanoparticles has also been studied for supercapacitors 

applications [13].  

In addition to TiO2, other metal oxides such as MnO2, ferrites have also been investigated as 

pseudocapacitive electrode materials. These materials are of interest because of synergistic effect 

from both Fe and metal ions that have ability to offer richer redox chemistry thus giving higher 

specific capacitance. ZnFe2O4 thin film using successive ionic layer adsorption and reaction was 

reported for supercapacitive devices [14-15]. 

 

5.2 Synthesis of materials 

The following materials were synthesized for capacitance studies 

(i) TiO2 (T) 

(ii) Graphene oxide 

(iii) Graphene - TiO2 nanocomposites (TG) 

(iv) TiO2 - Fe2O3 nanocomposites (TF) 

(v) Graphene supported TiO2 - Fe2O3 nanocomposites (TFG) 

(vi) Zinc ferrite (ZnFe2O4) (ZnF) 

(vii) TiO2 - ZnFe2O4 nanocomposites (TZnF) 
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(viii) Graphene supported TiO2 - ZnFe2O4 nanocomposites (TZnFG) 

 

5.2.1 Synthesis of TiO2 

In the present investigation TiO2 used was synthesised from the Titanium isopropoxide and 

hydrazine sulphate in 1:3 molar ratio followed by calcination at 600 
o
C and was disignated as T 

(detail as in section 3.2.2). 

 

5.2.2 a) Synthesis and characterization of graphene oxide 

Synthesis of graphene oxide was carried out by an improved method reported by Marcano et al. 

[16]. A 9:1 mixture of concentrated acids H2SO4/H3PO4 ( 90 :10 mL ) was added to the mixture 

of graphite powder (1g) obtained from fluka chemicals followed by slow addition of KMNO4 (6 

g) producing a exothermic reaction. This reaction was then heated to 50 
o 
C and stirred for 28 h. 

The reaction was then cooled overnight and poured into ice (around 200 mL) with dropwise 

addition of 10 mL of 30 % H2O2. The resulting mixture was allowed to settle down for three 

days and supernantant decanted away. The obtained solid material was washed three to four 

times with water till the washings were neutral. The GO solution was then  spread on the 

petridish and kept for drying at 60 
o 
C in an oven to obtain final sheets of graphene oxide (GO). 
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      Fig. 5.1 Graphene oxide synthesis 
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Characterization of the synthesized graphene oxide 

Fig 5.2 and 5.3 gives the XRD and IR spectra of the synthesized graphene oxide. 

                    

                                           Fig. 5.2 XRD pattern of graphene oxide 

The XRD pattern in Fig. 5.2 reveal a characteristic GO peak at 210.04 (001) corresponding to 

the interlayer spacing of 8.79 Å. This enlarged interlayer distance compared to pristine graphite 

(3.34 Å), is ascribed to the introduction of oxygen containing functional groups on the surface of 

graphite following its oxidation [17]. 
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                                           Fig. 5.3 IR spectra of synthesized GO 

In IR spectra the absorptions at 1735, 1616, 1207, 1059 cm
-1

 corresponds to C=O, C=C, C-O 

bonds in GO and peaks in the range of 3432 cm
-1

 is due to presence of hydroxyl group [18] Fig. 

5.4 gives the UV-Vis spectra.  
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                                      Fig. 5.4 UV-Vis spectra of synthesized GO 

Two main features are seen in UV Vis spectra:  

(1) A peak at 233 nm, which is due to to π - π* of C - C, and 

(2) A shoulder at 290 - 300 nm, corresponding to n - π* transition of the C - O bond. 
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                                            Fig. 5.5 Raman spectra of synthesized GO 

Raman spectroscopy is widely used to study the ordered/disordered crystalline structure of 

carbonaceous materials. Usually raman spectra of GO shows two peaks known as G and D 

bands.  In GO, the G band at around 1594 cm
-1

is characteristics of in plane vibration of sp
2 

carbons and D band at 1332 cm
-1

 is associated with presence of defects in hexagonal graphitic 

layers [19]  
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5.2.3 Synthesis of graphene supported TiO2 

0.075 g of GO was dispersed in 50 mL of distilled water. 3 g of TiO2 was then added to the GO 

dispersion and stirred for 30 min and sonicated for 1h. The TiO2 / GO dispersion was then dried 

at 60 
o 
C in an oven. The dried powder was calcined at 200 

o 
C in a furnace, to obtain 2.5 % 

graphene supported TiO2. It was labelled as 2.5 % TG. Similarly different percent of graphene 

supported TiO2 composites were prepared and their respective codes were 1.5 % TG, 2.5 % TG, 

3.5 % TG, 4.5 % TG.   

 

5.2.4 Synthesis of TiO2 - Fe2O3 

Synthesis of TiO2 - Fe2O3 was carried out by using synthesized TiO2 (T). On this TiO2 formation 

of 10 % -Fe2O3 was carried out by using ferric nitrate, urea and oxalic acid as precursors. 

Synthesized sample was given code as TF. 

 

5.2.5 Synthesis of 2.5 % graphene supported TiO2 - Fe2O3 

0.015 g of GO was dispersed in 20 mL of distilled water by sonicating it for 1h. To the GO      

dispersion 0.6 g of the above synthesized TF was added and stirred well for 2 h. The resulting 

mixture was dried in an oven at 60 
o 
C and calcined at 200 

o 
C to get graphene supported TF and 

was designated as TFG.   

 

5.2.6 Synthesis of ZnFe2O4 

0.54 g of FeCl3.6H2O was added to a mixture of 15 mL of glycerol and 15 mL of water. Same 

quantity of glycerol and water was taken in another separate beaker with 0.14 g of ZnCL2. Both 

the above solutions of FeCL3.6H2O and ZnCl2 were mixed together and kept for stirring for 30 
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min. To this mixture 0.8 g of CH3COONa was added under vigorous stirring for another 30 min. 

The final solution thus obtained was bright wine red color. It was then transferred into a Teflon 

lined autoclave, then sealed and heated at 200 
o 
C for 12 h in oven and later allowed to cool at 

room temperature. Solid product was collected by magnetic separation, washed several times 

with distilled water and ethanol and dried in an oven at 60 
o 
C for 6 h. The product was 

designated as ZnF.  

 

5.2.7 Synthesis of TiO2 - ZnFe2O4 

TiO2 catalyst was prepared by using Titanium isopropoxide as a source of Titanium and 

hydrazine sulphate as sulphating agent. 11 mL of Titanium isopropoxide solution corresponding 

to 0.0374 moles was added to 300 mL of aqueous hydrazine sulphate solution (0.375 mol L
-1

) 

such that final molar composition of Titanium isopropoxide to hydrazine sulphate was 1:3. Both 

the solutions were mixed at 0 
o 
C and stirred for 30 min. This resulted in the formation of a white 

precursor sol. The temperature of the sol was raised to 70 
o 
C till the mass was settled down. The 

upper clear supernatant solution was decanted off and the precursor residue was dried at 70 
o 
C 

for 12 h and then calcined in air at 600 
o 
C for 3 h to form the final TiO2 and given code as T. 

1.015 g of FeCl3.6H2O was mixed in glycerol: water mixture (1.8:1.8 mL). In another beaker 

with same quantity of glycerol: water mixture with 0.270 g ZnCL2 was added. Both the mixtures 

were mixed well thus giving brown colored solution. To this solution, CH3COONa was added 

forming wine red color. This latter solution was added to 7.1618 g of TiO2 suspended in 3 mL of 

water such that the ZnFe2O4 to be formed on TiO2 was 10 %. The mixture was transferred in 

autoclave and heated to 200 
o 
C for 10 h in an oven. The material was thus formed separated by 

magnetic separation, washed with water and ethanol and dried in an oven at 60 
o 
C and was given 
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code as TZnF. 

5.2.8 Synthesis of graphene supported TiO2 - ZnFe2O4 

0.075 g of GO was dispersed in 50 mL of distilled water. Then to this GO dispersion, 3 g of 

TiO2-ZnFe2O4 was added and stirred for 30 min and sonicated for 1h and dried at 120 
o 
C in an 

oven. The dried catalyst was calcined at 200 
o 
C in a furnace for 2 h. The resulting graphene 

supported TiO2-ZnFe2O4 composite was designated as TZnFG. 

 

5.3 Results and discussion 

5.3.1 Characterization of graphene supported TiO2 nanocomposites 

                            

                       Fig. 5.6. XRD patterns of the synthesized TiO2 – graphene nanocomposites. 

Fig. 5.6 gives XRD pattern of the synthesized TG composites. Cryastallite sizes were calculated 

by Scherrrer formula.The TiO2 particle sizes increased from 16 nm in bare TiO2 to 18 nm in 
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graphene supported TiO2. IR spectra of the synthesized composites were also recorded. Fig. 5.7 

The band at 1735.27 cm
-1

 and 1616.42 cm
-1

 due to presence of C=O and C=C bond in GO 

whereas intensity of the band at 1735.27 cm
-1

 was found to decrese  in graphene / TiO2 

composites. There was also a  shift in band position of the 1616 cm
-1

 to 1585 cm
-1

. It  is due to 

reduction of GO to graphene during preparation of the composites [20]. 

                              

                                             Fig. 5.7 IR spectra of synthesized samples. 
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             Fig. 5.8 SEM images of the synthesized samples. 
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5.3.2. Characterization of nanocomposites 

5.3.2 (a) Surface properties of graphene supported TiO2-Fe2O3 

Fig. 5.9. Gives the XRD patterns of the synthesized catalyst TFG in relation to that of graphene 

oxide. The crystallite sizes of the composites catalyst TF and TFG was slightly higher than the 

pure TiO2 catalyst whose particles size was only 16 nm (Table 5.2). In the case of TFG catalyst 

there was no peak corresponding to GO due to reduction of GO to graphene in the synthesized 

composites.  

                  

                                     Fig. 5.9. XRD patterns of the synthesized samples. 

N2 adsorption desorption, BJH pore size analysis was carried out and their respective profiles are 

given in Fig. 5.10 with inset of pore size distribution. Synthesized composites show type IV 

adsorption isotherms. The pore size distribution profiles indicate that porosity lies in the range of 



183 

 

70 – 80 Å . There was marginal decrease in the surface area of the TF composite, but it was 

restored following addition of graphene.  

                  

Fig. 5.10. N2 ads-des isotherms with inset of BJH pore size distribution of synthesized samples. 

Fig. 5.11gives TEM images where in TF particles in the nanocomposite are completely 

embedded into the graphene layer. Presence of iron oxide in the composite was reveled from 

EDAX analysis given in Fig. 5.12. 
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Table 5.1 Particle size, surface area and porosity of the samples   

Catalyst  

code 

Crystallite 

size (nm) 

Surface area 

(m
2
/g) 

Pore radius 

(Å ) 

Pore volume 

(cc/g) 

T 16 46 79.20 0.181 

TF 20 44 80.46 0.178 

TFG 20 47 72.40 0.168 

 

 

Fig. 5.11. TEM images of synthesized samples. 
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                     Fig. 5.12 EDAX analysis of the synthesized samples 
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                                          Fig. 5.13  IR spectra of the synthesized samples 

Fig. 5.13 a) gives IR spectra of the synthesized TiO2 - Fe2O3 / Graphene composite. The 

absorptions at 1735, 1616, 1206, 1058 cm
-1

 correspond to C=O, C=C, C-O bonds in GO [1-2]. 

Further, the band corresponding to graphene oxide was absent in case of TFG due to reduction of 

graphene oxide. Fig. 5.14 gives raman spectra of the synthesized T, TF, TFG composites.                                             
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                                            Fig. 5.14. Raman spectra of the synthesized samples. 

Raman bands at 476 cm
-1

, 578 cm
-1

, 708 cm
-1 

correspond to the anatase phase of TiO2 [21]. The 

bands at 142.8 cm
-1

→ Eg, 396.1 cm
-1

→ B1g, 514.8 cm
-1

→ A1g + Eg and 639.7 cm
-1

 → Eg 

correspond to symmetry modes of anatase TiO2. and bands at 1325.48 and 1599.28 cm
-1

 

corresponds to the presence of  D and G bands with greatly reduced intensity.     
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5.3.2 b) Surface properties of graphene supported TiO2 - ZnFe2O4 

                          

                                      Fig. 5.15. XRD pattern of the synthesized samples. 

Fig. 5.15. Gives XRD pattern of the synthesized composites. Crystallite size of pure TiO2 was 16 

nm. Crystallite size increases 18 nm when TiO2 is incorporated in the nancomposites ZnF and 

ZnFG.  As expected the GO peak at 10 
o 
C vanishes due to its reduction to graphene. Fig. 5.16. 

gives TEM of the synthesized composite TZnFG. It is seen that the particles of TZnF are well 

covered with the layer of graphene. Fig. 5.18. gives IR spectra of the synthesized composite 

which shows absence of GO band at in TZnFG was seen. Band at 1744.4 cm
-1 

is due to graphene 

skeletal and band broadening of TiO2 band at 1646.3 cm
-1

 is observed when combined with 

ZnFe2O4. 
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Fig. 5.16 TEM images of the synthesized samples. 
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                               Fig. 5.17 EDAX analysis of synthesized samples. 
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                                               Fig. 5.18 IR spectra of synthesized samples. 

 

5.4 Electrochemical testing 

Preparation of electrode 

Small quantity of sample was taken in mortar pastle along with the drop of Nafion membrane 

and mixed well. This mixture was then drop casted on the surface of the glassy carbon electrode 

and dried in an oven at 100 
o 
C for 1h. Dried GCE was then used as working electrode for the 

electrochemical measurements. 

CV- measurements were carried out in 1M Na2SO4 CH instruments electrochemical work station 

by using software CHI6107D electochemical analyzer by using three electrode. Where Ag/Ag
+
 is 

used as reference electrode, Pt wire as counter electrode and catalyst coated on GCE electrode as 
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working electrode. All the measurements were carried out by using 1M Na2SO4 as supporting 

electrolyte.   

5.5 Capacitance of the synthesized composites  

As carbon based materials provide capacitive double layer charge and high surface area matrix to 

increase contact between the deposited pseudocapacitive materials and electrolytes. Deviation 

from the rectangular shape corresponds to both EDL capacitance and pseudocapacitance 

characteristics. Fig. 5.19 gives CV curves for the synthesized composites. The specific 

capacitance of TiO2 was found to be 34.0 F/g. The specific capacitance generally increased when 

TiO2 was supported with graphene. The values are summerized in Table 5.3. 

 

Table 5.2 Capacitance values of the synthesized composites 

Sample                       % Graphene in the TiO2 - Graphene composites 

TiO2 1.5% 2.5% 3.5% 4.5% 

Capacitance F/g 34 32 35 32 62 

 

 Typically EDL capacitors are expected to give rectangular CV profiles. Synthesized composites 

showed irregular rectangular shaped of the CV curves due to pseudocapacitive behavior.  
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Fig. 5.19 CV profiles of the TiO2 - Graphene nanocomposites in 1M Na2SO4 solution. 

The CV measurements were also carried out at different scan rates. The specific capacitance was 

found to decrease as the scan rate was increased due to diffusion limits at higher scan rate 

restricting the movement of electrolyte ions owing to time constraints, wherein and only outer 

active surface is used for charge storage. This is illustrated in Figure 5.20.   

  

Fig. 5.20 CV profiles at different scan rates on 4.5% TG composite. 
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Fig. 5.21 (a) CV profile of synthesized samples a) 1M Na2SO4 solution b) Repeated over 5 

cycles c) CV measurements of TFG at different scan rate d) Variation in specific capacitance 

with the scan rate.  

Fig. 5.21 gives the capacitance studies of the TFG nanocomposites TiO2 showed specific 

capacitance of 34.0 F/g. It was observed that the TiO2- Fe2O3 (TF) composite, exhibited 

enhanced specific capacitance of 42.6 F/g. Iron oxides and their composites are being 

investigated for their potential high specific capacitance and chemically stability [22-24]. It has 

been also reported that presence of graphene increases specific capacitance in iron oxide [25-26]. 
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Further, when TF was supported with 2.5 % graphene the resulting composite TFG showed 

further increase in specific capacitance to 60.56 F/g.  

Fig .5.21 c) Shows CV profiles of TFG at different scan rates. It was found that as the scan rate 

increases specific capacitance decreases due to reduced accessibility of ions through the micro 

pores. 

 

Fig. 5.22. a) CV profiles of T, TZnF and TZnFG samples in 1M Na2SO4. b) CV of the TZnFG 

composite for repeated 5 cycles. c) CV measurements at different scan rates d) Variation in 

specific capacitance with the scan rate. 
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From the CV profiles in the Fig. 5.22 and corresponding values of the capacitance, it is clear that 

there was significant enhancement in capacitance when ferric oxide was replaced with zinc 

ferrite, in the composites TiO2-ZnFe2O4-Graphene. The results are summerized in Table below 

 

Table 5.3 Enhancement in supercapacitance behavior of the metal oxide nanocomposites when 

supported with 2.5% graphene. 

Sample T TG TF TFG TZnF TZnFG 

Specific capacitance F/g 34 35 42 61 54 74 

 

5.6 Conclusions  

1. In the present investigation synthesis and characterization of TiO2, Fe2O3, ZnFe2O4 and their  

    composites with graphene was carried out. Their capacitance behavior was evaluated by cyclic  

    voltammetry. 

2. These metal oxides show supercapacitance behavior with specific capacitance ranging from 30 

- 75 F/g at a fast scan rate of 100 mV/s and much higher capacitance at slower scan rate. 

3. The specific capacitance is significantly enhanced when these materials are supported with  

     graphene. The nanocomposite TiO2-ZnFe2O4-Graphene was found to be particularly a  

    promising material for use in supercapacitors.  
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                       CHAPTER VI  

ELECTROCATALYTIC MATERIALS 

FOR H2O2 FUEL CELL 
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6.1 Introduction 

All fuel cells are based on a central design using two electrodes separated by a solid or liquid 

electrolyte that carries electrically charged particles between them. Catalyst is often used to 

speed up the reactions at the electrodes. Materials such as TiO2 [1], MnO2 [2], Fe2O3 [3] are 

reported for the fuel cell electrode materials. 

Fuel cell requires oxygen. One of the oxidant can be selected as H2O2 which later can also act as 

fuel in fuel cell like H2O2 fuel cell. H2O2 fuel cell is an single compartment fuel cell wherein it 

uses H2O2 as both oxidant and fuel. Thus reducing the transport capacity for the oxygen for fuel 

cell use. 

  

Advantages of using H2O2 fuel cell :- 

1) Fuel cell which uses H2O2 can operate in oxygen free environment. 

2) Fuel cell theoretical voltage and its performance can be increased. 

3) H2O2 offer low activation loss of reduction due to 2 electron transfer. 

4) It avoids problem of water flooding. 
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Table 6.1 Literature on H2O2 fuel cell 

Anode Cathode OCV (V) References 

Au plate Ag plate 0.2 [4] 

 

Ni mesh Iron pthalocyanine 

complex 

0.55 [5] 

Ag foil Prussian blue 0.53 [6] 

Pt. Pd, Ni, Au wire Ag wire 0.13 [7] 

Fe3 [Co(CN)6]2 Ni mesh 0.8 [8] 

Al Prussian blue 0.58 [9] 
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6.2 Experimental setup 

                           

                                         Scheme 6.1 Schematic diagram of H2O2 fuel cell 

 

 

 

 

 

 

 



203 

 

6.3 Use of urea and oxalic acid for synthesis of iron oxides 

It has been seen in the previous section that urea induced synthesis of iron oxide resulted in 

predominant formation of the hematite of varying physiochemical characteristics. Herein, we 

report effect of simultaneous use of varying quantities of oxalic acid on phase formation and 

consequent effect on their properties. 

 

6.3.1 Results and discussion 

6.3.1 a) XRD and surface properties 

                      

                                   Fig. 6.1. XRD pattern of synthesized Fe2O3 samples 

Fig. 6.1.gives XRD pattern of synthesized Fe2O3 samples. Table 6.1 gives the corresponding 

structural parameters in relation to proportion of oxalic acid used during synthesis. In case of 

samples  F-121 and  F-122 all peaks corresponds to the hexagonal phase of hematite.  
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However F-123 was pure maghemite phase while F-125 showed mixed phase of hematite and 

meghmite. Thus change in the phase from hematite to maghmite takes place as there is increase 

in the molar ratio of oxalic acid. The oxalic acid will act as excess fuel in presence of urea during 

combustion process. But the further use of oxalic acid as in case of F-125, wherein 5 moles thus 

will increase exothermicity of the process and assist in transformation of the metastable 

maghemite phase partly into relatively more stable hematite phase. Calculated lattice parameters, 

particle sizes and surface area values are given in Table 6.1. In case of F-121 and F-122 from 

XRD pattern observed peaks were only of heamatite phase, but as the amount of oxalic acid is 

increased there is change in the respective phases of the synthesized iron oxides from hematite to 

maghemite to mixed hematite – mghemite phase in case of samples F-123 and F-125 samples 

and this is in agreement with the lattice parameters calculated and are given Table 6.1 it was seen 

earlier that the case of urea samples F-12, F-13 and F-15 the average particle size was around 30 

nm. When the synthesis of iron oxide was further modified with additional use of oxalic acid the 

average particle sizes were much less around 12 nm with the meghamite phase showing the 

lowest particle size of 8 nm . the particle size decrese as the overall fuel ratio incresed.  Fig. 6.2. 

gives IR spectra of the synthesized iron oxides, whereas band due to 1635 cm
-1

 is due to nitrogen 

bonding into the lattice. 

 

 

 

 



205 

 

Table 6.2 Synthesis and structural properties of the -Fe2O3 samples prepared 

Catalyst 

code 

Urea

a
 

Oxalic

b
 acid 

Phase Lattice 

parameters 

a=b        c 

Particle 

size 

(nm) 

Surface 

area 

(m
2
/g) 

Pore 

volume 

  (cc/g)         

Pore 

radii 

    (Å ) 

F-121 2 1 -Fe2O3 5.036 13.78 16 7.77 0.033 62.280 

F-122 2 2 -Fe2O3 5.033 13.84 13 20.56 0.095 72.431 

F-123 2 3 - Fe2O3 Cubic  a = 8.349 8 32.35 0.194 107.677 

F-125 2 5 Fe2

O3 

Cubic  a = 8.202 

a = 5.100 c = 

13.36 

10 42.08 0.282 106.732 

a
 Moles of urea used per mole of iron (III) nitrate. 

b 
Moles of oxalic acid used per mole of iron 

(III) nitrate. 
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                          Fig. 6.2 IR spectra of synthesized iron oxides samples. 
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Fig. 6.3 a) N2 adsorption - desorption isotherms for synthesized iron oxide catalyst. b) BJH pore 

size distribution profiles of synthesized iron oxides.           

         

                                    

                                        Fig. 6.4 TEM images of synthesized iron oxide samples. 

As seen in Table 6.1. Surface area pore volume and pore radii increases as the amount of oxalic 

acid increases.  Thus oxalic acid not only modified the crystal phase and particle size it also had 

role as a porosity developing agent. Due to change in the crystal structure change in the 

respective spin alignment takes place and this change in the spin alignment of the respective 

metal oxide affects its magnetic properties. Fig. 6.5. Gives M-H hysteresis profiles and their 

respective magnetic values are given in Table 6.2. F-121 which is pureFe2O3 shows 

magnetism of only upto 1.24 emu/g, whereas as the amount of oxalic acid is increased further 

magnetism also increases in F-125 to 31.60 emu/g and this change is due to change in the 

respective phase of iron oxide and their spin alignment. Usually -Fe2O3 is found to be 

paramagnetic above its curie temperature but its magnetic property is affected by particle size or 
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by cation substitution and even due to vacancies. As the fuel ratio increases excess amount of 

heat is available which subsequently leads to cation site vacancy thus forming -Fe2O3 phase and 

results of such changes are also observed in XRD pattern therefore, increases its magnetism. -

Fe2O3 is unstable at high temperature. Therefore, further giving mixed phase -Fe2O3 and 

further increase in their magnetic property. Fig. 6.5 b) gives variation in particle size and 

magnetic properties with different fuel ratio. Particle size and magnetic moment was found to be 

inversely proportional to each other, wherein some cases it is reported to be directly proportional 

to each other,  therefore in this case change in magnetism is not due to particle size but due to 

vacancies and is also evident from change in phase formation. 

Fig. 6.5 a) M-H hysteresis profiles for synthesized iron oxides. b) Variation in magnetic moment 

with particle size with different amount of fuel ratio. 
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Table 6.3 Magnetic properties for the synthesized samples. 

Catalyst 

   code 

Ms 

(emu/g) 

Hc 

(Oe) 

Mr 

(emu/g) 

F-121 1.24 850 0.27 

F-122 5.86 90 0.81 

F-123 19.61 91 1.77 

F-125 31.60 110 5.87 

 

6.3.1 b) Optical properties 

Fig. 3 in annexure gives UV-Vis absorption spectra of synthesized iron oxide catalysts. Where   

F-123 and F-125 synthesized F-121 and F-122 were with low absorption bang gap values 

change. Therefore CV measurement were carried out and respective shift in potentials was 

observed. This change in the potential is due to lattice strain which is evident from change in 

their respective lattice parameters [7]. 

6.3.1 c) Electrical properties  

Changes in respective solid state properties seems to be in agreement with formation of phase.  

As seen in the Fig. 6.6 a) and b) F-121 is found to be with high dielectric constant and tangent 

loss as compared to other synthesized iron oxides. As reported by [8] dielectric constant of 

material changes with particle size and surface area but in the present investigation particle size 
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decrease in order F-121< F-122 < F-123 < F-125. F-121 was with higher dielectric constant at 

low frequency and high particle size of 16 nm. High particle size F-121 will be associated with 

multiple domain and domain wall motion which subsequently gives high dielectric constant and 

high tangent loss for F-121. A.W et al also reported that lower the porosity higher is the 

dielectric constant [9]. Therefore observed dielectric constant and tangent loss is due to high 

particle size and low porosity. Ac conductivity depends on the hopping of charges in particular 

metal oxides. High conductivity in F-121at low frequency is due to large extent of hopping 

mechanism electron from O2- ions into one of the magnetic Fe3+. F-121 shows high ac 

conductivity and tangent loss therefore F-121 can be considered to be material of interest in 

terms of its charge transfer and efficient electron hopping mechanism.     
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Fig. 6.6 Plots of electrical properties of synthesized samples. a) Change in dielectric constant 

with frequency. b) Change in tangent loss with frequency. c) Change in conductivity with 

frequency. d) Change in impedance with frequency.         
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Fig. 6.6 d). gives Bode plot for the synthesized iron oxide wherein decrease in the Z” at low 

frequency is due to high conduction process. As the frequency increases conduction increases 

due to release of space charge and therfore helps in electron hopping mechanism in synthesized 

iron oxides. [10] there was no much change observed in the case of cole – cole plot of 

synthesized iron oxides. 

                                 

6.3.2  Catalytic activity for decomposition of H2O2 in relation to H2O2 fuel cell 

In H2O2 fuel cell, the following reactions occur   

Anode    :                    H2O2 → O2 + 2H
+ 

+ 2e
-
          E

o 
= 0.68 V                            (1) 

Cathode : H2O2 + 2H
+
 + 2e

-
 → 2H2O                        E

o
 = 1.77 V                            (2) 

Net reaction :            2H2O2 → O2 + 2H2O            E
o
cell = 1.09 V                            (3) 

The fuel cell energy oxidation of hydrogen peroxide at anode and its reduction at the cathode. 

Therefore, for fuel cell efficiency it is important that H2O2 will not undergo non electrochemical 

decomposition, in presence of a catalyst. However, H2O2 is known to undergo heterogeneous 

catalytic decomposition ( non electrochemical, i.e without electron transfer at the electrode 

electrolyte interface ) on various transition metal oxides. Iron oxides themselves can both 

decompose H2O2 through conventional catalytic as well as electrocatalytic route. It is therefore 

desirable to choose an appropriate  iron oxide that would have minimum catalytic activity to 

liberate O2. Fig. 6.7 gives H2O2 decomposition profiles on various synthesized iron oxides.  
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 Fig. 6.7 Catalytic decomposition of H2O2 on the synthesized iron oxide catalysts measured at 

pH=5. 

The decomposition occurs as per the reaction 

 2H2O2  Fe2O3 , H
+ 

     2H2O + O2 

The volume of oxygen gas collected is considered as a measure of heterogeneous catalytic 

activity  

of the iron oxide samples [18, 19].  
 

In this work as seen from Fig. 6.7 and Table 6.4,  the iron oxide samples F-123 and F-125 

showed least activity for decomposition of H2O2. The samples also exhibits very low activity in 

sunlight as the volume of O2 evolved was almost negligible.The evolution of O2 from H2O2 is 

assumed to follow Fenton like process wherein Fe
2+

  is produced insitu from the ferric oxide.  

Fe2O3 (S)  + 4H
+
 + H2O2 → 2Fe

2+
 + 3H2O+O2   



214 

 

Fe
2+ 

 then generates further intermmediates HO
*
 and HO2

*
 which are responsible to produce O2 

[22]. The rate of production of Fe
2+  

would thus govern the rate of O2 liberation in the 

conventional Fenton process. Further in the photo Fenton process, the sunlight would excite an 

electron into the conduction band. This electron would cause reduction of the ferric iron from the 

oxide 
 

surface (e
- 

CB + Fe
3+

 →Fe
2+

). Thus the low activity for the H2O2 decomposition would imply the 

non availablity of the electron for the redox process.  

The band gap values for  ferric oxide ( hematite or maghemite) as obtained from UV-Vis 

spectrum is generally reported to be around (2.10 eV) [20]. However in the present case the 

samples have relatively lower band gap values which are in the range 1.80 – 2.08 eV (Table 1). 

The lower band gap would facilitate the electron-hole pair recombination with the consequent 

non availability of the electron for Fe
3+

  reduction process. The electron from conduction band 

may also be non available by its dissipation of energy through a lattice relaxation process. The 

gamma phase samples probably showed lower catalytic activity for the decomposition of H2O2 

due to lattice imperfections in the hematite - maghemite mixed phase samples particularly F-125.  
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Table 6.4: Catalytic decomposition of hydrogen peroxide in relation to the electrochemical 

characteristics of of the H2O2 fuel cell 

 

Catalyst  

code 

Phase 

 

 

 

 

      

 

H2O2 decomposition 

Vol. of O2 evolved (mL) 

 

Dark             Sunlight 

 

OCP 

 (V) 

 

Current  (A) 

at 

 

0.4 V           0.2 V 

 

Peak 

power 

(W) 

F-121 -Fe2O3 9 0 0.65 1.4 2.4 0.064 

F-122 -Fe2O3 19 3.7 0.65 1.4 3.1 0.073 

F-123 - Fe2O3          5 0 0.66 1.4 4.5 0.134 

F-125 

 

Fe2O3 7 1 0.61 1.5 4.5 0.130 

(i) F-125/Graphene 

(ii) F-125/Graphene/Hydrazine sulphate 

nanocomposite 

- 2.5 8 0.220 

- 86.0 - 1.870 
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6.3.3 Electrocatalytic activity of iron oxides 

The various iron oxides thus synthesized were evaluated for their electrocatalytic activity. The 

open circuit potentials were determined for a one compartment fuel cell. The electrolyte was a 

mixture of 1M H2O2 + 1M NaCl and the electrodes were Ag wire and GCE coated with the 

sample as the test electrode. Respective measurements were carried out at pH = 1 by adjusting 

pH by using HCl. 

 Fig. 6. 8 (a) gives Tafel polarization curves. It was seen that F-123 and F-125 showed much 

higher current densities than F-121 or F-122. Thus as expected, the (,  mixed phase iron oxide 

samples which did  not favour catalytic decomposition of H2O2, showed higher electro-catalytic 

activity. 
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Fig. 6.8 a) A one compartment fuel cell assembly for measuring open circuit potential (b) Tafel 

polarization plots for the synthesized samples (c) and the corresponding current-power profiles. 
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The hematite samples F-121 and F-122 were more active for the decomposition of H2O2 in 

absence of sunlight (volumes of O2 evolved were significantly higher, compared to the much 

lower values for the other samples). This explains the rapid drop in potential for the above 

hematite samples (Fig. 6.8 a) as the H2O2 did not remain bound to the sample surface to promote 

adequate electrocatalysis. However, in the case of F-123 and F-125, the rate of fall of potential 

with increase in current was much slower. These samples particularly F-125, also showed higher 

dielectric constant (Table 6.3). This would facilitate stronger adsorption interaction of Fe
3+ 

- O
2-

…. H2O2 and consequent electrocatalytic reduction of H2O2. It is known that the iron oxides 

show hopping mechanism wherein the electrons from p- orbitals of O
2-

 jump over to Fe
3+

 of the 

iron oxide lattice. F-125 shows higher electrical conductivity implying that it would facilitate 

electron transfer to H2O2 in the adsorption complex. This would cause facile electrochemical 

reduction of H2O2 at the cathode in case of F-125 as compared to other samples. Also F-125 had 

significantly larger surface area (~ 42 m
2 
g

-1
 ) that would further facilitate anchoring of H2O2 to 

the  electrocatalyst and facilitate the redox process.  

Since electron transfer to H2O2 through the iron oxide electrocatalyst is crucial, a graphene-

Fe2O3 composite was investigated. Fig. 6.9 (a) shows the Tafel plot in the presence of graphene. 

The composite sample F-125 / 2.5 G is indicative of 2.5 % graphene in the cathode mixture. It is 

seen from the figure that the potential – current profiles in presence of graphene showed more 

than double enhancement in electrocatalytic activity and corresponding higher power output 

(Fig. 6.9 b). In this composite, graphene with its larger surface and improved conductivity 

pathways, would help in anchoring the H2O2 fuel and consequent electrocatalytic activity. 
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Fig. 6.9 (a) Tafel plots for F-125 and its composite F-125/2.5G recorded  in 1M NaCl + 1M 

H2O2 mixture at pH=1 (b) and (d) are power - current profiles. (c) Shows unusually high activity 

of the iron oxide/graphene composite when blended further with hydrazine sulphate. The graphs 

indicate that as the current is drawn, as expected the potentials decrease.  

Thus with reference to the Tafel plots in Fig. 6.9  and the corresponding values shown in Table 

6.4, it is seen that the potential decreases to 0.4 volt when the current output is merely 1.5 units 
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of current. On the other hand a high current output of 8.6 mAcm
-2

  was possible at 0.4 volt for 

the Fe2O3 - graphene - hydrazine sulphate nanocomposite, indicating about 60 times higher 

activity when the new composite catalyst was used. The corresponding peak power was also 

much higher as compared to the other samples. The exact role played by hydrazine sulphate is 

not clear at this stage of the investigation. It is however well known that hydrazine increases the 

conductivity in graphene by restoring the sp
2 
hybridized network [20]. The components of the 

nanocomposite viz the iron oxide, graphene and hydrazine sulphate collectively facilitate 

anchoring the H2O2 and the electron transfer pathways for its electrochemical reduction. 

 

 

 

 

 

 

 

 

 

 

 



221 

 

6.3.4 Conclusions 

1. Several iron oxides were synthesized by calcination of Fe (III) nitrate & urea 

mixtures (1:2 molar ratio) in presence of increasing concentrations of oxalic acid (1, 

2, 3 or 5 moles). The increasing use of oxalic acid resulted in formation of oxides of 

lower particle size, larger surface area & pore volume, higher dielectric constant and 

ac conductivity. 

2. They were investigated for electrocatalytic activity for cathodic reduction of H2O2 at 

a glassy carbon electrode. They generally showed low activity as evident from rapidly 

sloping current - voltage profiles.  

The activity followed the order F-125 > F-123 > F-122 > F-121.  

3. The activity of F-125 was improved when combined with graphene. An unusually 

high activity was observed when the iron oxide / graphene composite was further 

blended with hydrazine sulphate.     
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ANNEXURE 

                                     

                                Fig. A1 UV-Vis profile for the synthesized samples           

                        

                      Fig. A2 CV profile for synthesized samples in 100 mM TBAP solution.           
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                                    Fig. A3. UV-Vis absorption spectra.   

 

                         
                                   Fig. A4. CV profile of synthesized iron oxides. 
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Table A1: Band gap data for all synthesized iron oxides from cyclic voltammetry. 

 

 

Catalyst 

code 

Oxidation 

potential 

(E
onset

ox) 

Reduction 

potential  

(E
onset

 red) 

Band Gap = 

(E 
edge

CB – E
edge

 

VB) eV 

Band  

gap from UV 

(eV) 

F-121 -0.369 1.385 1.754 1.83 

F-122 -0.434 1.449 1.885 1.84 

F-123 -0.891 1.264 2.155 2.06 

F-125 -1.142 1.406 2.548 1.94 

 -0.488 1.406 1.894  

F-100 -0.928 1.247 2.177 2.10 

F-123a -0.875 1.345 2.466 2.06 

F-103a -0.364 1.345 2.212 2.08 

F-10 -0.928 1.247 2.177 2.1 

F-12 -1.04 1.426 2.466 2.1 

F-13 -0.885 1.215 2.105 2.1 

F-15 -0.786 1.426 2.212 2.1 
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                                           ACHIEVEMENTS 

1. Synthesis of high surface area -Fe2O3 phase showing  

    (i) Ferromagnetic behavior upto 0.78 - 15.43 emu/g. 

    (ii) Heterogeneous photo – Fenton activity. 

2. Synthesis of fine particle size sulphated TiO2 prepared  by using hydrazine sulphate through  

    sol - gel method. 

3. Synthesis of a high surface area and fine particle size -Fe2O3 which could rapidly degrade 4- 

    Np upon exposure to sunlight. 

4. Synthesis of zincferrite having promising supercapacitor behavior.  

5. Preparation of Fe2O3- graphene-hydrazine sulphate having unusually high cathodic  

     electrocatalytic activity for a hydrogen peroxide fuel cell. 
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