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Abstract 

Energy and fresh water are two of the most basic and essential elements of nature, and are 

two of the most rapidly depleting resources on the planet. This is due to extensive 

industrialization, excessive consumption, and overpopulation. Water is the basic need for life 

to survive, and approximately 70 % of the earth is covered with this precious component. 

However, it is very regrettable to discuss that less than 0.5 % of the earth is available as fresh 

water. Around 1.3 billion people on this planet face severe water scarcity because they lack 

access to fresh and drinkable water. As a result of rapid industrialization and irresponsible 

human activities, many different types of pollutants are being thrown directly into the water 

distribution system, including inorganics, organics, and biological. Fortunately, over the past 

few years, many researches and a variety of approaches have been explored to develop 

efficient and pollution-free technology to convert highly polluted and toxic water pollutants 

to non-toxic products for waste water management. Among many technologies, 

photocatalysis has emerged as one of the most efficient and eco-friendly, as it represents a 

green and economical way to demineralize pollutants by using sunlight energy or energy 

from an artificial source of light. As well as removing organic pollutants (like dyes, 

pesticides, herbicides, and phenolic compounds), heavy metals, and harmful bacteria and 

fungi, photocatalysis is also effective at removing heavy metals. 

The removal of organic contaminants from water systems via photocatalytic degradation has 

gained popularity as a promising method. Using WO3, ortho hydrated tungsten trioxide, 

WO3/g-C3N4 (before and after annealing), and WO3/exfoliated g-C3N4 (before and after 

annealing), the photocatalytic degradation of Rhodamine B (RhB) dye was examined in this 

study. The objective was to assess the effectiveness of photocatalysts in the degradation of 

hazardous RhB dye and explore the synergistic interactions between tungsten trioxide 

nanoparticles with graphitic carbon nitride and exfoliated graphitic carbon nitride. The 
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pristine tungsten trioxide and the nanocomposites were synthesized using a facile 

hydrothermal method. Powder X-ray diffraction (PXRD), Field emission scanning electron 

microscopy (FESEM), Fourier transform infrared spectroscopy (FTIR), Photoluminescence 

spectroscopy (PL), and UV-VIS DRS were used to assess the structural, morphological, 

compositional, and optical characteristics of the photocatalysts. The outcomes showed that 

the most improved photocatalytic activity was observed in tungsten trioxide/exfoliated 

graphitic carbon nitride photocatalyst about 89.13 % in 30 minutes duration. RhB dye 

degradation took place when it was exposed to visible light. The concentration of RhB dye 

was monitored at regular intervals using UV-Visible spectroscopy. According to the 

experimental findings, pristine tungsten trioxide and its nanocomposites both exhibited 

considerable photocatalytic activity towards the breakdown of RhB. Exfoliated graphitic 

carbon nitride may have synergistic effects with tungsten trioxide, as evidenced by the 

nanocomposite's improved degradation efficiency when compared to all other synthesized 

samples.  The photocatalytic process followed pseudo first order kinetics and the degradation 

rate constants were determined. Thus, by incorporating exfoliated g-C3N4 with WO3 enhances 

the photocatalytic performance indicating the potential of this nanocomposite for the 

treatment of organic pollutant in waste water treatment. The results of this study aid in the 

creation of effective and long-lasting photocatalytic materials for use in environmental 

remediation applications. 

The synthesized samples have been considered to very active catalyst, because it can use 

visible light as an excitation source, it can also use solar radiation for future wastewater 

treatment and energy generation applications. 

Keywords: Photocatalysis, Transition metal oxide, Tungsten tri-oxide (WO3), Nano-

composite, Water Remediation. 
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1.1 Nanoscience 

Nanoscience refers to the study of matter and their properties at nanoscale (1 nm = 10-9 m) 

[1]. As when the dimensions are converted from bulk to nanoscale due to the due to the 

increase of surface area to volume ratio which leads to the enhancement of mechanical 

properties, chemical reactivity, electrical and many other properties such as surface tension, 

catalytic property [2]. 

1.2 Nanomaterials 

Nanomaterials are materials which consist of particles or constituents possessing minimum 

one of the external dimensions in the range of nanoscale (i.e., 1-100 nanometre) [2]. 

Nanomaterials can naturally occur or can be created as the by-products of combustion 

reactions it can be produced purposefully through various engineering procedures for 

specialised functions. This material, have enhanced physical and chemical properties from 

their bulk counterparts. 

1.3 Nanotechnology 

Nanotechnology refers to the branch of engineering science which deals with designing and 

producing structures and devices by manipulating atoms and molecules at nanoscale [3]. 

1.4 Benefits of nanomaterials over their bulk counterparts 

• When the size of the material is converted from bulk to nano it leads to the increase in 

surface area to volume ratio which in turns increases the chemical reactivity of the 

material and open up possibilities for creation of new materials and facilitates the 

chemical processes [4]. 

• It can even notice the enhancement of thermal and catalytic properties of 

nanomaterials over their bulk counterparts. This is due to the fact that nanomaterials 
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possess high surface area which in turn shows that the surface atoms have 

pronouncing effect on physical and chemical properties of nanomaterials. 

• The defects in the materials are removed in nanomaterials that cause reduction of 

mechanical failure and high mechanical strength is achieved. 

• The electrical properties such as the electrical conductivity of nanomaterials such as 

carbon nanotube (CNT) and graphene oxide (GO) are tremendously increased [5]. 

• The nanomaterials have high porosity that leads to an increase in its demand for 

industrial purposes [6]. 

• Nanotechnology is prevalent in energy sector as they can provide or pave a pathway 

for efficient and cost-effective method for energy generation [7]. 

• Thus, in nanoscale the mechanical, electrical, chemical and optical properties of the 

materials are enhanced effectively from their bulk counterparts. 

1.5 Disadvantages of Nanomaterials 

• The synthesis of nanomaterials is bit more difficult and complex due to the lack of 

proper knowledge. 

• Nanomaterials used in nanotechnology are unstable. 

• They are hard to recycle. 

• They may be toxic to humans. 

1.6 Classification of nanomaterials based on dimensions 

• Zero dimension-fullerenes, rings, quantum dots, atomic clusters. 

• One dimension-nanotubes, whiskers and belts, fibres and filaments, spirals and 

springs. 

• Two dimension-nano discs, nanolayers. 

• Three dimension-embedded clusters, equiaxed crystallites. 
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Fig. 1.1: Classification of nanomaterials based on dimensions 

1.7  Classification of nanomaterials based on materials 

• Carbon based nanomaterials, carbon based nanomaterials include-graphene oxide, 

fullerenes, carbon based quantum dots, and carbon nanotube (CNT). 

• Organic based nanomaterials and comprises of chitosan, cationic quaternary 

polyelectrolytes, N-halamine compounds and quaternary ammonium compounds. 

• Inorganic based nanomaterials and comprises of metal and nonmetal elements or 

taking the form of an oxide, chalcogenide, hydroxide or phosphate compound. 

• Composite based nanomaterials and composite nanomaterials consist of two or more 

components of nanoscale with special chemical and physical properties [9]. 
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1.8 Properties of nanomaterials 

• Mechanical properties to the addition of nanoparticles of the common materials, leads 

to the refinement of grain structure and the formation of intergranular or an 

intragranular structure that in turn lead to the improvement of grain boundary 

structure thereby improving the mechanical properties [10]. 

• Electrical conductivity of nanoparticles such as graphene oxide and carbon nanotubes 

shows some of the highest electrical conductivities for their uses in the application of 

EMI [11]. 

• Piezo-electricity to the ability of a material to become polarized electrically when they 

are stimulated mechanically. They also undergo strain when applied an electric field 

across it [12]. 

• Chemical reactivity of the nanomaterials are chemically more reactive in nature 

because they are having high surface area and possess high surface energy. 

• Optical properties such as absorption, reflection, light emission and transmission are 

dynamic in nature and vary significantly from their bulk counterparts. 

• Surface tension of the nano-structure is greater than their bulk counterparts. It can 

increase the surface tension and convert the hydrophilic character of material to 

hydrophobic character by variation of size of the material. 

1.9 Synthesis of Nanomaterials 

The two basic approaches to nanomaterial synthesis are: 

a. Top-down approach 

In top-down approach the bulk material is converted to nanoparticles by mechanical process 

of crushing or breaking like ball milling. 
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b. Bottom-up approach 

The approach in which the nanoscale dimensions particles is assembled to larger structures 

by physical or chemical forces [13]. 

 

 

 

 

 

 

 

 

 

Fig. 1.2: Schematic diagram of synthesis of nanomaterials by top down and bottom approach 

 Various Synthesis processes are: 

1.9.1 Ball milling 

Ball milling is a method of production of nanomaterials. The process is used in the 

production of ceramic and metallic nanoparticles. The mills are equipped with grinding 

media composed of steel or wolfram carbide. The metallic ball is used to break the material 

from bulk to nanoscale. The fundamental principle of reduction in size in mechanical attrition 

devices lies in the energy imparted to the sample during impacts between the milling media. 
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The balls rotate around the horizontal axis partially filled with materials to be ground plus the 

grinding medium. The balls rotate with high energy inside a drum and then fall on the solid 

with gravity force and crush the solid into nanoparticles. The significant advantage of this 

method is that it can be used commercially. Ball milling are used to make boron nitride 

nanotubes and carbon nanotubes. Ball milling is a preferred for synthesis of metal oxide nano 

crystallites like zinc oxide and cerium oxide [15]. 

 

 

 

 

 

 

 

Fig. 1.3: Synthesis of nanomaterials by ball milling 

1.9.2 Laser Ablation 

The nanoparticle by laser ablation leads to the generation of nanoparticles by ablating on a 

solid target that lies in a gaseous or a liquid environment and we can get the nanoparticles in 

nano powder form or a colloidal solution. It is an easy and a fast method of nanoparticles 

synthesis as it does not have long reaction time or multiple reaction steps. It does not require 

any toxic chemical for its synthesis. Thus, it is environment friendly or green method. We can 

also add ligand to the particles after synthesis process or we can add suitable solvent itself so 

that it can be coated on the surface of nanoparticles [16]. 
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Fig. 1.4: Laser Ablation method for synthesis of nanoparticles 

1.9.3 Chemical Vapour Deposition (CVD) 

It is the formation of solid non-volatile film on the surface of the substrate by the reaction of 

vapour phase chemicals (reactants) that contain the required components. The reactants gases 

are introduced into a reaction chamber and reacted at the heated surface of the substrate to 

form the thin film. Fundamental principle is that a chemical reaction takes place between the 

source gases. The product of which is a solid material that condenses on the surface of the 

substrate inside the reactor. Precursors gases (often diluted in carrier gases) are delivered into 

the reaction chamber at approximately ambient temperature. 

Sequential steps in CVD: 

A. Transport of the reacting gases on the substrate surface. 

B. The species are absorbed on the substrate surface. 

C. The substrate surface catalyses heterogenous surface reaction. 

D. Desorption of gaseous reaction by products takes place. 

E. The reaction by products is transported away from the substrate. 

• The above steps which take place at slowest rate will determine the rate of deposition 

and is termed as rate limiting step. 
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• If the deposition process is governed by step1. It is known as mass transport-

controlled process. 

• If the deposition is governed by step 2,3 or 4 it is known as surface-controlled 

process. 

• Coatings provided by CVD process are fine grained, pure and impervious in nature. 

• Energy sources for CVD processes are Resistive heating (Tube furnace), Radiant 

heating (halogen lamps), and Radio frequency heating (induction heating lasers). 

• The precursors in CVD process must be volatile but at the same time it should be 

stable enough to be delivered to the reactor [17]. 

 

 

 

 

 

Fig. 1.5: Schematic diagram of CVD 

1.9.4 Physical Vapour Deposition (PVD) 

Physical vapour deposition is a process of deposition of thin film of material on the substrate 

surface. The materials are converted into vapour phase which are to be deposited on the 

substrate surface by physical means. A region of low pressure exists from source to substrate 

for transportation of the vapour. Condensation of vapours takes place on the substrate surface 

for the formation of the thin film. The main difference of PVD from CVD is that the 

deposition of thin film on the substrate surface occurs by condensation whereas in CVD it 

takes place by chemical reaction [19]. 
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1.9.5 Sputtering 

Sputtering is a deposition technique consists of the following steps: 

a. Ions are generated and directed at the target material. 

b. The ion sputter atom from the target material. 

c. The sputter atoms get transported to the substrate surface through a region of reduced 

pressure. 

d. This sputter atom condenses on the substrate forming a thin film [20]. 

 Types of sputtering: 

1.9.5.1 RF sputtering 

• It allows sputtering of target that is electrical insulators. 

• During one half of the cycle the argon ions are attracted towards the target. 

• The electrons build up negative charges which act as the self-bias for attracting argon 

ions which does the sputtering. 

 

 

 

 

 

 

 

Fig. 1.6: Schematic diagram of RF sputtering 
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1.9.5.2 DC sputtering 

• Sputtering can be done with the application of a large DC voltage (approximately 

2000V). 

• A plasma discharge is established and the argon ions will be attracted to an impact 

sputtering of the target atoms. 

• In DC sputtering the target must be conductive electrically which in turn otherwise 

lead to the accumulation of ions and repel other argon ions. 

 

 

 

 

 

 

 

 

 

Fig. 1.7: Figure showing DC sputtering 

1.9.5.3 Magnetron Sputtering 

• The magnetic field is applied parallel to the surface of the target and is superimposed 

to the electric field applied so that secondary electrons which are emitted by the 

surface of the target during bombardment are trapped near the target surface. 



12 
 

• A single electron leads to the ionisation of several argon atoms before it is lost on the 

chamber walls by recombination. 

• The ionization at the target surface increases which in turn increases the deposition 

rate. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.8: Schematic diagram of magnetron sputtering 

1.9.6 Sol-Gel technique 

The sol is the name of a colloidal solution made of solid particles, few hundred nanometre in 

diameter, suspended in a liquid phase. The gel can be considered as a solid macromolecule 

immersed in a solvent. The sol gel technology is a well establish colloidal chemistry 

technology, which offers the possibility to produce various materials with novel, predefined 
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properties in a simple process and at relatively low cost. The main benefit of sol-gel is its 

high purity and uniform nanostructure available at low temperature [21]. 

1.9.7 Hydrothermal Synthesis 

The hydrothermal synthesis uses aqueous medium as the reaction system in a reaction vessel 

which is specially closed to provide a reaction environment of high pressure and temperature 

by heating and pressurizing the system in oven. In hydrothermal synthesis the nanomaterials 

can be synthesized with a wide variation of temperature ranging from room temperature to 

very high temperature. The morphology of the material is controlled by the application of low 

or high pressure depending on the reaction composition vapour pressure. Nanomaterials 

having high vapour pressure can be produced with minimum material loss. In this case the 

aqueous mixture of precursor is heated in a sealed stainless-steel autoclave above the boiling 

point of water and consequently the pressure within the reaction is dramatically increased 

above the atmospheric pressure. The synergistic effect of high temperature and pressure 

provides a one-step synthesis process to produce high crystalline materials without the need 

of post annealing treatments. The technique is useful when it is difficult to dissolve the 

precursors at low temperatures or room temperature. 

Instrumentation 

• The hydrothermal process is carried out in a sealed reactor known as Autoclave, a 

high -pressure bomb or a pressure vessel. 

• It is specific style of strong vessel that we intend to face up to better pressure and high 

temperature from within. 

• The autoclave consists of cylindrical vessel which is thick and steel walled having 

hermetic sealing which allows it to bear high level of pressure and temperature with 

utmost safety. 
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• Mostly the hydrothermal reactors consist of Teflon or an extra container made of 

Teflon to give protection to the autoclave body from the highly corrosive solvents. 

 

 

 

 

 

 

 

Fig 1.9: (a) Schematic diagram of the Teflon along with the stainless-steel autoclave, (b) 

Process flow of hydrothermal treatment 

Mechanism of crystal growth by hydrothermal process 

• Synthesis of nanomaterials by hydrothermal method is a crystallization process 

directly from solutions that usually involves two steps: crystal nucleation and 

subsequent crystal growth. 

• Nucleation occurs when the solutes exceed the limit of solubility in the solution i.e., 

when the solution is supersaturated. 

• It is an irreversible reaction, the solutes precipitates into clusters of crystals that leads 

to the growth in macroscopic size. 

• Following nucleation, the crystals grow sequentially via a series of process involving 

the incorporation of growth units, having the composition same as crystal entities but 

possess the same or different structures from the bulk solution into existing crystal 

entities and causing increased size. 
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• The process can be categorized as follows: units are transported through the solutions, 

units are attached to the surface, movements of units on surface and attachment of 

units to the growth sites [22]. 

1.10 Application of nanotechnology 

• Food industry-Polymers combined with silver nanoparticles are utilised for improving 

the quality of materials for packaging food which increases its lifetime. Thus, it will 

last for a longer duration of time. 

• Electronics and Devices-Technological advancement from massive television or 

phone sets to sleek television or phones. The nanomaterials such as graphene have 

created light weight and higher quality screens of TV sets that consumes lesser 

electricity. 

• Security/development of smart ink-Nanotechnology can be used in the development 

of security ink. 

• Medicine-Significant side effects are undergone by patients from many drugs and 

therapies for chronic conditions such as brain tumour, cancer etc. Therefore, the 

nanoparticles are used for targeted delivery of drug to destroy the cancer cell without 

affecting the cells of the entire body. 

• Solar cell-Nanotechnology can be applied for improving the efficiency of solar cell by 

enhancing the retention and absorption of sunlight. 

• Automobiles-Vast application of nanotechnology can also be seen in automobile 

sector several nanocomposites of polymer are employed for manufacture of abrasion 

resistant tyres. Tungsten nanospheres are added to the automotive fluids to enhance 

their mechanical qualities. 
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• Improving the quality of water-The photocatalytic properties of nanoparticles helps in 

breaking the cationic or anionic dyes to carbon dioxide and water. Thus, the 

carcinogenic dyes are decomposed by the application of nanomaterials. 

• Improving Air Quality-The membranes are coated with nanomaterials used for 

separation of contaminants from the air. 

• Chemical sensors-Various chemical sensors are being developed by using 

nanomaterials like CNT, zinc oxide nanowire which can detect the smallest 

concentration of harmful compounds. 

• A biosensors-Transducers material which is an important part for development of 

biosensors generally uses nanomaterials. 

 

 

 

 

 

 

Fig. 1.10: Applications of nanotechnology 

1.11 Catalysis 

Catalysis is a process in which the rate of chemical reaction is increased due to the addition 

of a substance known as catalyst. The catalyst itself do not participate in the reaction process. 

With the addition of catalyst, the reaction occurs at a faster rate and with lesser consumption 

of energy [24]. 
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1.11.1 Activation energy 

The minimum energy required to promote or start a chemical reaction is called activation 

energy. 

 

 

 

 

 

Fig 1.11: Activation energy barrier with and without the presence of the catalyst 

1.11.2 Catalytic promoter 

The substance that increases the efficiency of a catalyst is called a catalytic promoter. 

1.11.3 Catalytic Inhibitor 

The substance that decreases or inhibits the efficiency of a catalyst is called a catalytic 

inhibitor. 

1.11.4  Types of catalyst 

a. Positive catalyst 

The catalyst that increases the rate of chemical reaction by decreasing the activation energy 

barrier is called positive catalyst. 

                     Example: 2H2O2  
𝑃𝑡
→
 

  2H2O+O2 

                                     C2H4+H2   
𝑁𝑖
→
 

  C2H6 
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b. Negative catalyst 

The catalyst that decreases the rate of chemical reaction by increasing the activation energy 

barrier is called negative catalyst. 

          Example: Cracking of petroleum by “Tetra Ethyl Lead”. 

c. Homogenous catalyst 

The catalyst and the reactants are in the same phase or same physical state. The catalyst is 

called homogenous catalyst. 

                        Example: 2CO(g)+O2(g)  
𝑁𝑂(𝑔)

→
 

  2CO2(g) 

d. Heterogenous catalyst 

When the catalyst and the reactants in a chemical reaction are in different phases it is called a 

heterogenous catalyst. 

              Example: N2(g)+3H2(g)
𝐹𝑒(𝑠)

→
 

  2NH3 

e. Heterogenous 

Homogenous catalyst sometimes molecules of homogenous catalyst break the uniformity 

among catalyst and products by rendering separable state. 

f. Auto catalyst 

When one of the products formed during a reaction act as a catalyst itself is termed as auto 

catalyst. 

             Example: CH3COOH3+H2O 
𝐻 +

→
 

 CH3COOH+CH3OH  

g. Bio catalyst 

The chemical substance which increases or decreases the rate of reaction inside a living body 

is called a bio catalyst or an enzyme. 
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               Example-protein  
𝑝𝑒𝑝𝑠𝑖𝑛

→
 

   peptides + peptones [25] 

1.11.5 Some of the catalysis process 

a. Photocatalysis 

Photocatalysis may be heterogenous or homogenous depending on the phase of the catalyst 

used. The substance that absorbs light and acts as a catalyst for driving a chemical reaction is 

known as photocatalyst and the process is known as photo-catalysis. Photocatalyst accelerates 

the rate of chemical conversion (oxidation and reduction) in the presence of visible light. 

During photocatalysis the photons leads to the generation of electron-hole pair. The electrons 

in the conduction band reduce oxygen to superoxide radical anion and the holes in the 

valence band oxidize water to hydroxyl radical. Thus, the generation of catalytically active 

species during photocatalysis lead to the degradation of harmful carcinogenic dye to simpler 

harmless products [26]. 

b. Sono-catalysis 

The principle of Sono-catalysis is the diffusion and sorption of the components on a solid 

surface followed by a series of heterogenous chemical reaction on active sites. It uses 

powerful ultrasound radiations to makes the molecules undergo a chemical reaction at a faster 

rate. 

c. Electro-catalysis 

Modification of electrochemical reaction rate occurring at the electrode surface is known as 

Electro-catalysis. 

d. Piezo-catalysis 

It is the catalysis based on the piezo-electric material which relies on charge separation 

efficiency of the carriers. 
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1.12 Semiconductor 

Solid substances have conductivity ranging between metal and insulator. It is caused due to 

doping of impurity or temperature effects. 

1.12.1 P-type semiconductor 

There are a number of semiconductors that have a large proportion of holes as charge 

carriers. It is obtained by doping of trivalent impurities such as Boron, Aluminium and 

gallium. 

1.12.2 N-type semiconductor 

This semiconductor is characterized by a large number of electrons as the main charge 

carriers. It is obtained by doping of pentavalent impurities such as Phosphorous, Antimony 

and Arsenic. 

1.13 Reason for using semiconductors in photocatalysis instead of metals or 

insulators 

As the band gap energy is zero electron volts in case of metals it does not show 

photocatalytic property. The band gap energy of insulator is greater than 5eV therefore it 

requires a large amount of energy for creation of electron hole pair in conduction and valence 

band which in turn helps in the decomposition of carcinogenic dyes by redox reactions into 

carbon dioxide and water. Thus, insulators are also not preferred for photocatalytic property. 

But in case of semiconductor the band gap energy ranges in between that of metal and 

insulator which is very much feasible for generation of electron hole pair and quite feasible 

material for photocatalysis. 

The semiconductors are used for photocatalysis due to it’s: 

• High reactivity. 
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• Strong oxidizing and reducing ability. 

• Chemical stability. 

• Reduced cost. 

• Low toxicity and  

• photostability.  

 

 

 

 

 

 

 

 

Fig. 1.12: Band diagram of (a) Insulator, (b) Metal and (c) Semiconductor 

1.14  Nanomaterials used for photocatalytic property 

1.14.1 Graphitic carbon nitride (g-C3N4) 

• One of the most promising materials for photocatalytic processes, including the 

removal of organic pollutants from the environment and the reduction of CO2 and 

water splitting, is known as graphitic carbon nitride (g-C3N4). On the other hand, in 

the area of field emission properties, carbon nitride also possesses exceptional 

qualities and broad application prospects. 

• Wastewater, notably wastewater produced as a result of chemical industrialisation, is 

the main source of pollution because it contains a significant amount of big organic 

pieces, which are inherently harmful and carcinogenic. 
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• Prior to now, all kinds of organic and toxic wastewater were treated using 

environmental remediation technology, which consists of biological oxidation, 

adsorption, incineration and chemical oxidation. 

• Photocatalysis is the term used to describe the acceleration of a photoreaction in the 

presence of a catalyst. The best-known media for photocatalysis reactions are aqueous 

solutions, pure organic liquid phases and gas phase media.  

• Additionally, the optimum chemical degradation approach for regulating organic 

wastes, solar energy use, environmental treatment, and medicinal and sensing 

applications is frequently characterised as photocatalytic degradation via photons and 

a catalyst. Therefore, the development of solar light-driven photocatalysts like 

graphitic carbon nitride is responsible for the most advanced technology utilised for 

the treatment of organic wastewater and related applications. 

• Semiconductor photocatalysts can be applied to the treatment of drinking water, 

environmental cleaning, industrial and health applications, as well as the removal of 

ambient concentrations of organic and inorganic species from aqueous or gas phase 

systems. This is because these semiconductors (g-C3N4, WO3 and TiO2) have a 

tremendous capacity for oxidizing organic and inorganic substrates in air and water 

through redox processes for their efficient application in solar energy utilization, 

wastewater treatment, environmental protection, and biomedical and sensing 

applications without any secondary pollution. 

• In photocatalysis research, polymeric graphitic carbon nitride (g-C3N4) has taken 

precedence.  

• Band gap energy of graphitic carbon nitride is 2.7 eV, thus it can act as a visible light 

driven photocatalyst. The energy location of conduction band and valence band via 



23 
 

hydrogen electrode is at -1.1 eV and 1.6 eV respectively. Graphitic carbon nitride is 

resistant towards attack from heat, strong alkaline and acid solution. 

• g-C3N4 can be easily made by thermally poly condensing inexpensive N-rich 

precursors such urea, melamine, melamine cyanurate, dicyanamide, and cyanamide, 

as opposed to other metal-containing photocatalysts that need to be made with 

expensive metal salts. 

• The usage of this prospective g-C3N4 in water splitting, CO2 photo reduction, organic 

pollutants purification, catalytic organic synthesis, and fuel cells is more efficient and 

effective as a result of its exceptional features. 

• The easiest way to describe photocatalysis is the activation of a catalyst that speeds up 

chemical transformations (oxidations and reductions). This reaction, which can result 

in the photocatalytic transformation of a pollutant, utilizes a semiconductor either 

alone or in combination with metal, organic, or organometallic promoters by light 

absorption, followed by charge or energy transfer to be adsorbed. 

1.14.2 Structure of graphitic carbon nitride (g-C3N4) 

There are two primary varieties of g-C3N4 structural polymorphs as a result of the proper 

precursor selection and condensation techniques. The first is the g-C3N4 that is composed of 

condensed s-triazine units (a ring of C3N3) with a periodic array of single-carbon vacancies. 

The second form of g-C3N4 has more periodic vacancies in the lattice because it is made up 

of condensed tri-s-triazine (tri-ring of C6N7) subunits connected through planar tertiary amino 

groups. In contrast to the melamine-based arrangements (the first type structure; this compose 

of the s-triazine), the g-C3N4 networks primarily consisting of melon-based segments (the 

second type structure; this consists of the tri-s-triazine unit) are thermodynamically more 

stable [27]. 
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Fig. 1.13: (a) Triazine and (b) Tri-s-triazine structure of graphitic carbon nitride (g-C3N4) 

1.14.3 Various techniques for synthesis of graphitic carbon nitride 

The gC3N4 synthesis started in 1834 when Berzelius developed a polymeric derivative called 

melon by Liebig. This is the first synthetic polymer reported so far [28]. However, it was not 

until 1922 that the detailed structure came to light, suggesting that a mixture of variable sizes 

and shapes of polymers should adequately describe the material’s structure. Since then, 

intense research has been done on the basic understanding of synthesis methods and the 

structure-property relationship of the material. In most cases, different carbon- and nitrogen-

rich compounds are chosen as starting materials for synthesis. The average temperature for 

synthesis varies between 400 and 600 ºC. In addition, the coming section will highlight that 

the material's building block has a planar structure; thus, most of the methods resulted in the 

development of g-C3N4 with distorted 2-dimensional sheet-like structures, but there are 

reports of other morphologies also, like tube, rod, or other. 
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For instance, an amorphous phase of g-CN was developed by Kouvetakis et al. from 

melamine precursors in the temperature range of 450–600 ºC [29]. It has also been shown 

that extreme conditions like 800 ºC temperature, 2.5 GPa pressure, and hydrogen presence 

resulted in a g-C3N4 structure with almost perfect graphite stacking; however, the high 

temperature associated with the high temperature causes a relatively low abundance of 

nitrogen, and the carbon to nitrogen ratio is not perfect. 

A high-pressure, high-temperature approach and 2-amino-4, 6-dichloro triazine as precursors 

can result in the formation of crystalline g-C3N4 planar structures through HCl elimination. 

Here, the HCl generated in situ during the reaction played a crucial role in the proper 

development of the g-C3N4 stacking structure [30]. The concept of “high molecular weight 

melon” and the synthesis of highly ordered and properly stacked 2 D g-C3N4 was introduced 

by Komatsu and the group in 2001 and can be considered a work of importance [31]. 

In this field, Schnick et al. also reported a landmark work where they separated an 

intermediate compound, 2,5,8-triaminotris-triazine, or melem (C6N10H6), which is a very 

stable intermediate [32]. When carried forward, it was determined that a temperature range 

between 500 and 600 ºC is ideal for phase formation [33]. g-C3N4 may also be synthesized at 

a temperature as low as 200 °C by the solvothermal reaction when cyanurchloride-sodium 

amide and cyanurchloride-sodium azide are taken as precursors [34,35]. However, the 

graphitic nature of the as-developed sample was not so pronounced, mainly due to the lesser 

reaction temperature. 

1.14.4 Applications of graphitic carbon nitride (g-C3N4) 

This graphitic carbon nitride has a number of newly emerging uses, including sensing, 

biological applications, wastewater and environmental treatment, solar energy usage, and 

device manufacturing. 
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1.14.5 Tungsten tri-oxide (WO3) 

• Tungsten tri-oxide also known as Tungsten (VI) oxide which is chemical compound 

comprises of the transition metal tungsten and oxygen with a chemical formula of 

WO3. 

• Tungsten tri-oxide has temperature dependent crystal structure. It is monoclinic in the 

temperature ranging from 17 ℃ to 330 ℃, Orthorhombic in the range of 330 to 

740 ℃, tetragonal at a temperature above 740 ℃, triclinic from -50 to 17 ℃ and 

monoclinic again at a temperature ranging below -50 ℃. The most common structure 

of WO3 is monoclinic [36]. 

• Industrial preparation: When tungsten is extracted from its mineral tungsten trioxide 

is produced as an intermediate step. Alkalis can be used to process tungsten ores to 

create soluble tungstate. Alternately, scheelite or CaWO4, is allowed to react with HCl 

to create tungstic acid which at higher temperature breaks down into WO3 and water. 

CaWO4+2HCl   

 
→
  

  CaCl2+H2WO4 

H2WO4 

 
→
 

 WO3+H2O 

• Laboratory preparation: Calcination of Ammonium para tungstate leads to the 

synthesis of WO3 under oxidizing conditions.  

• The band gap energy of tungsten tri-oxide varies from 2.6 to 3 eV. The conduction 

band and the valence band potential of tungsten tri-oxide are 0.77 eV and 3.41 eV 

respectively. 

• The valence band is formed by the filled O 2p orbital, whereas the conduction band is 

created by the empty W 5d orbital. Although WO3 has a lower conduction band and 

its potential is not sufficiently negative to reduce water to hydrogen, its valence 

band’s oxidation potential is sufficiently positive to oxidize water to oxygen [37]. 
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1.14.6 Applications of tungsten tri-oxide (WO3) 

The production of tungstate begins with tungsten tri-oxide, X-ray screen phosphors are made 

of barium tungstate. Other prospective or existing applications include: 

A. Fire resistant fabrics. 

B. Water splitting using photocatalysis. 

C. Sensors for gases and humidity. 

D. Ceramic glazes, where it produces a deep yellow hue. 

E. Electrochromic glass, like that seen in smart windows, whose transparency is 

adjustable by the application of voltage. 

1.15 Types of Dyes 

Various types of dyes are released into the water bodies from the industries. The dyes are 

categorized mainly into two types: 

• Cationic Dye 

Cationic dyes are materials consisting of components that make them to dissociate into 

positively charged ions in an aqueous solution. They are alkaline or basic in nature. 

Example: Methylene Blue (MB), Rhodamine B (RhB). 

• Anionic Dye 

 Anionic dyes are materials consisting of components that make them dissociate into 

negatively charged ions in an aqueous solution. They are acidic in nature. 

Example: Methyl orange (MO), Orange G (OG). 

• Non-Ionic Dye 

Non-Ionic dyes are materials consisting of components that make them dissociate into neutral 

charged ions in an aqueous solution. They are neutral in nature. 
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Example: Green 97 (G97), Disperse Red 60 (DR60). 

1.16 Photocatalytic Activity of tungsten tri-oxide (WO3) 

• Dyes released from the textile industries or leather industries serve as the major 

pollutants in waste water. We know that the volume of water consumed by textile 

industry is quite large and nearly ninety percent of the waste water is released. 

• The waste water released from the industries to various water bodies consists of dyes 

which are very harmful and carcinogenic in nature. It poses threat to human life as 

well as the ecological system. So various effective methods are adopted for removal 

of pollutants to supply clean water. 

• Photocatalysis is considered as one of the most efficient techniques in treatment of 

waste water and its ability to decompose toxic compounds to simpler harmless 

products. 

• We know that titanium dioxide acts as an efficient photocatalyst due to its nontoxicity, 

degradation efficiency and thermal stability. However, it is a wide band gap material 

having band gap energy of 3.2 eV which provides a limitation for absorption of 

visible light. 

• Therefore, Tungsten trioxide is used as an effective material for degradation of 

Rhodamine B dye which is carcinogenic in nature and poses threat to human life as 

tungsten trioxide is a visible light driven photocatalyst with a band gap energy of 2.6-

2.8 eV. It is also non-toxic in nature. 

• However pure tungsten trioxide does not serve the purpose of an efficient 

photocatalyst and its photocatalytic activity is quite low due to the rapid 

recombination rate of electron hole pair and having conductive band level relatively 

low. 
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• Therefore, for enhancement of photocatalytic activity of tungsten trioxide is 

undergone by coupling it with graphitic carbon nitride having band gap energy of 2.7 

eV. Thus, the tungsten trioxide/graphitic carbon nitride nanocomposite acts as an 

efficient photocatalyst in visible light range for degradation of Rhodamine B dye. 

• The increase in photocatalytic efficiency of the nanocomposite is due to the decrease 

of recombination rate or increase in separation efficiency of electron hole pair in 

conduction band and the valence band of the material respectively. 

• The variation in the morphology of graphitic carbon nitride is undergone to compare 

its degradation efficiency with tungsten trioxide and tungsten trioxide/graphitic [38]. 

 

 

 

 

 

 

 

 

Fig. 1.12: Schematic diagram proposing the photocatalytic mechanism of Tungsten 

trioxide/Graphitic carbon  nitride nanocomposite for the degradation of Rhodamine B dye 

1.17 Objective 

We are aware of the fact that the textile and leather industries releases waste water in water 

bodies like rivers, ponds and lakes which consists of various carcinogenic dyes like 
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Rhodamine B and Methylene Blue, that poses serious threat to human life and also the 

ecological system. We have synthesized semiconductor nanoparticles (Tungsten trioxide 

nanospheres and tungsten trioxide/Graphitic Carbon Nitride nanocomposites) which act as a 

visible light driven photocatalyst. On illumination with the visible light, it leads to the 

generation of electron and hole pair in conduction and valence band respectively which in 

turn leads to the degradation of hazardous dyes to simpler harmless products, thus providing 

an effective way in removal of pollutants from waste water and rendering it clean for supply. 
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2.1 General Idea 

The chapter review focuses on the research already done on transition metal oxides and their 

photocatalytic capabilities. Due to their potential applications in numerous areas, such as 

environmental clean-up [1], energy conversion, and water splitting [2-3], transition metal 

oxides have drawn a lot of attention. In the introduction, a thorough survey of transition metal 

oxides is given. This survey emphasizes both their distinctive electronic and structural 

characteristics as well as their potential as photocatalytic candidates. It examines several 

transition metal oxides and discusses their crystal structures, band gaps, and other pertinent 

characteristics. Examples include titanium dioxide (TiO2), zinc oxide (ZnO), and tungsten 

trioxide (WO3). The review delves into the photocatalytic mechanisms of transition metal 

oxides, clarifying the procedures involved in light absorption, charge separation, and the 

production of reactive species. It investigates how surface changes, co-catalysts, and dopants 

can improve the photocatalytic performance of transition metal oxides. It addresses the 

important factors, such as crystallinity, particle size, and surface area, that affect 

photocatalytic performance. The review also conducts a comprehensive assessment of the 

literature on the photocatalytic uses of transition metal oxides, emphasizing the effectiveness 

of these materials in degrading organic pollutants [4], producing hydrogen through water 

splitting [5], and storing solar energy for use in generating electricity [6]. It analyses the 

difficulties encountered in actual implementation and offers alternative solutions. This, 

chapter review concludes with a thorough and insightful critique of earlier work on transition 

metal oxides as photocatalysts [7]. It lays the groundwork for further developments in this 

area by providing insightful information about their fundamental characteristics, 

photocatalytic mechanisms, characterization methods, and prospective applications. 
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2.2 Transition metal oxide 

A transition metal element is joined to oxygen to form a compound known as a transition 

metal oxide. These oxides are flexible and desirable materials in many domains because of 

the vast variety of physical and chemical characteristics they exhibit. Transition metal oxides 

frequently have distinctive electrical, magnetic, and catalytic properties that are impacted by 

things like the metal's composition, oxidation state, and crystal structure. Numerous fields, 

such as catalysis, energy storage and conversion, electronics, and sensors, use these oxides. 

Iron oxide (Fe2O3), tungsten oxide (WO3), and titanium dioxide (TiO2) are a few examples of 

transition metal oxides. Each has unique properties and uses. 

2.2.1 Application of transition metal oxide 

In the examination of prior work, the use of transition metal oxides in numerous disciplines 

has been thoroughly investigated and documented. These adaptable materials have unique 

properties that make them useful in a variety of applications. As said in the overview, the 

study will explore the use of transition metal oxides in catalysis, energy storage and 

conversion, electronics, and sensors. 

2.2.1.1 Catalysis 

Transition metal oxides are frequently utilized as catalysts in a wide range of chemical 

processes. For its photocatalytic capabilities, titanium dioxide (TiO2) is a notable example 

and has received considerable research. It is used in water and air filtration systems to 

degrade contaminants such chemical dyes and volatile organic compounds. The oxidation 

processes, ammonia synthesis, and methane conversion all benefit from the excellent 

catalytic activity of transition metal oxides such as tungsten oxide (WO3) [8]. 

 



38 
 

2.2.1.2 Energy storage and conversion 

Devices for storing and converting energy rely heavily on transition metal oxides. For 

effective energy storage and release, lithium-ion batteries use transition metal oxide cathodes 

like lithium cobalt oxide (LiCoO2) and lithium iron phosphate (LiFePO4) [9-10]. Due to their 

high capacity and stability, transition metal oxides including titanium oxide (TiO2) and 

vanadium oxide (VO2) are also being researched as anode materials for lithium-ion batteries 

[11]. 

2.2.1.3 Solar energy conversion 

Transition metal oxides are used as photoelectrodes for dye-sensitized solar cells (DSSCs) 

[12] and perovskite solar cells in the field of solar energy conversion [13]. DSSCs frequently 

use titanium dioxide (TiO2) as a mesoporous scaffold because of its superior electron 

transport capabilities. In order to improve the photoconversion efficiency of these devices, 

researchers have also looked at additional transition metal oxides, such as tungsten oxide 

(WO3) and bismuth vanadate (BiVO4). 

2.2.1.4 Electronics 

Applications for transition metal oxides can be found in electronic parts and components. For 

instance, transparent electrodes made of indium tin oxide (ITO), a transparent conductive 

oxide, are frequently used in touchscreens, displays, and solar cells [14]. It demonstrates 

outstanding optical transparency along with strong electrical conductivity. Molybdenum 

oxide (MoO3) and vanadium pentoxide (V2O5) are two more transition metal oxides being 

investigated for use as charge transport layers in organic electronic devices including organic 

light-emitting diodes (OLEDs) and organic photovoltaics (OPVs) [15]. 
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2.2.1.5 Sensors 

The ability of transition metal oxides to detect gases has received substantial research. When 

exposed to the target gases, metal oxide-based gas sensors look for changes in electrical 

conductivity. For instance, sensors made of tungsten oxide (WO3) and tin dioxide (SnO2) are 

frequently used to detect gases like nitrogen dioxide (NO2) and carbon monoxide (CO) [16-

17]. These sensors are used in environmental monitoring, industrial safety, and vehicle 

exhaust monitoring. 

The analysis of prior research demonstrates the numerous uses of transition metal oxides in 

catalysis, energy storage and conversion, electronics, and sensors. They are valuable 

materials in a variety of industries due to their unique characteristics, which include catalytic 

activity, high capacity, electrical conductivity, and gas detecting abilities. Continued research 

and development in this area hold great potential for further advancements and the discovery 

of new applications for transition metal oxides. 

2.2.2 Report on morphological changes of transition metal oxide 

Previous studies examined closely at the morphological alterations of transition metal oxides 

and how they affect numerous industries, offering insightful information for uses in catalysis, 

energy storage, electronics, and sensing. The analysis of these report clarifies how important 

morphological control is to enhancing the functionality of transition metal oxide materials. 

The surface area, active sites, and diffusion paths of transition metal oxides are strongly 

influenced by their morphology in catalysis, which in turn affects the catalytic activity. By 

increasing the surface area and encouraging light absorption, for instance, controlled 

morphological modifications in titanium dioxide (TiO2) nanoparticles have been seen to 

improve photocatalytic effectiveness [18]. Similar to this, tungsten oxide catalysts' 

morphology can be tuned to improve catalytic performance in processes like oxidation and 

ammonia production [19]. 
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The electrochemical performance of transition metal oxide electrodes in energy storage 

applications is directly influenced by their morphology. According to the studies, the 

morphology of transition metal oxide nanomaterials, such as hierarchical structures, 

nanowires, and nanosheets, can increase the specific surface area and reduce ion diffusion 

paths, improving the capacity for energy storage. Lithium-ion batteries, supercapacitors, and 

other energy storage technologies have used morphology-controlled transition metal oxides 

with success [20]. 

In the field of electronics, where it affects the charge transport characteristics and device 

performance, the morphology of transition metal oxides is also essential. As an illustration, it 

has been demonstrated that the controlled growth of zinc oxide nanowires increases charge 

carrier mobility, making them excellent candidates for field-effect transistors and other 

electronic devices [21]. To enhance the electrical conductivity and interface properties of 

transition metal oxide thin films in optoelectronic devices including solar cells and light-

emitting diodes, morphological alterations have also been investigated. 

Additionally, the effects of morphological changes on sensing applications in transition metal 

oxide materials have been researched. Metal oxide-based gas sensors' surface shape and 

structure have an impact on gas adsorption and reaction processes, which ultimately affects 

the sensing performance. Metal oxide sensors' gas sensing sensitivity and response times 

have been proven to be improved by controlled morphological alterations such as porous 

architectures, nanoparticles, or nanowires [22]. 

The significance of morphology control in numerous sectors has been underlined in previous 

reports on the morphological alterations of transition metal oxides. Transition metal oxides' 

surface area, active sites, charge transport properties, and gas sensing capabilities can all be 

tailored for particular purposes by modifying their morphology. It will be able to use 

morphological control to improve the performance of transition metal oxide materials in 
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catalysis, energy storage, electronics, and sensing applications as long as this research is 

conducted. 

2.2.3 Report on surface modification of transition metals 

In order to improve the characteristics and performance of transition metal oxides in a variety 

of applications, surface modification has become an essential method. The effects of various 

surface modification approaches on catalysis, energy storage, electronics, and sensing have 

been thoroughly examined in other reports. The analysis of these paper sheds light on how 

important surface modification is for enhancing the performance of transition metal oxide 

materials. 

Surface modification of transition metal oxides in catalysis can increase their stability, 

selectivity, and catalytic activity. Doping or adding heteroatoms to the surface of the 

transition metal oxide is a typical method of surface modification. For instance, by 

encouraging charge separation and lowering recombination, doping titanium dioxide (TiO2) 

with metals like silver (Ag) or platinum (Pt) improves its photocatalytic activity [23]. It has 

also been investigated to modify surfaces with metal nanoparticles or clusters in order to 

generate active sites and enhance catalytic performance in processes like hydrogenation and 

oxidation. 

In energy storage technologies like lithium-ion batteries and supercapacitors, surface 

modification of transition metal oxide electrodes is essential. To improve the electrical 

conductivity and ion transport kinetics, a variety of techniques have been used, such as 

covering the surface with conductive polymers, carbon compounds, or metal oxides. Such 

changes boost the electrodes' charge transport characteristics and electrochemical 

performance, which improves energy storage capacity and cycling stability [24]. 

To customize interface qualities, increase charge carrier mobility, and boost device 

performance in electronics, transition metal oxide surfaces are modified. For instance, self-
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assembled monolayers (SAMs) or polymers can be used to increase the stability and work 

function of indium tin oxide (ITO) electrodes [25], allowing for effective charge injection or 

extraction in organic electronic devices. The creation of functionalized surfaces for particular 

uses has also been explored through surface alterations, such as the insertion of functional 

groups onto transition metal oxide surfaces for biofunctionalization or selective chemical 

sensing. 

In sensing applications, surface modification of transition metal oxides is important as well 

[26]. The selectivity and sensitivity of gas sensors can be improved by immobilizing specific 

receptors or ligands on metal oxide surfaces. The performance of gas sensing has been 

enhanced by surface modifications, such as the addition of metal nanoparticles or 

nanostructures, which produce catalytically active sites. 

The analysis of earlier work on surface modification of transition metal oxides shows the 

significance of this strategy in enhancing their characteristics and functionality. Catalytic 

activity, energy storage capacity, charge transport characteristics, and sensing performance 

can all be considerably improved by surface modifications such as doping, coating, and 

functionalization. The development and implementation of transition metal oxide materials in 

catalysis, energy storage, electronics, and sensing applications will benefit from ongoing 

study and investigation of novel surface modification techniques. 

2.2.4 Review of the mechanical properties of Transition metal oxides 

The analysis of the mechanical characteristics of transition metal oxides has attracted the 

attention of many academic works. These investigations shed light on these materials' 

structural integrity, stability, and strength—aspects that are essential for their use in a variety 

of applications. Here, summarize the several important conclusions about the mechanical 

characteristics of transition metal oxides from the literature. 
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Determining the elastic characteristics of transition metal oxides has been one area of focus. 

Studies have used methods like atomic force microscopy and nanoindentation to measure 

characteristics like Young's modulus and hardness. Studies on titanium dioxide (TiO2), for 

instance, have revealed that the elastic modulus of the material can change depending on a 

number of variables, including crystal structure, phase, and doping [27]. The mechanical 

properties of other transition metal oxides, such as zinc oxide (ZnO) and tungsten oxide 

(WO3), have also been the subject of study. 

Researchers have also examined the strength and fracture toughness of transition metal 

oxides. Strength determines a material's capacity to endure external forces without deforming 

or failing, whereas measures of fracture toughness reveal how resistant a substance is to crack 

propagation. Tantalum oxide (Ta2O5) and zirconium oxide (ZrO2), for example, have been 

research because their high fracture toughness makes them appropriate for uses requiring 

resistance to mechanical stress. 

It has also been investigated how size and shape affect the mechanical characteristics of 

transition metal oxides. Studies, for instance, have looked into how particle size and shape 

affect the mechanical properties of nanoscale transition metal oxide materials. Reducing the 

size of transition metal oxide nanoparticles has been found to increase hardness and 

strengthen mechanically. Furthermore, compared to their bulk equivalents, controlled 

production of transition metal oxide nanostructures, such as nanowires and nanosheets, has 

shown improved mechanical properties. 

Additionally, it has been studied how transition metal oxides' mechanical characteristics 

change with changes in temperature and humidity. Certain researches have demonstrated how 

the environmental factors affect certain materials mechanically. For instance, research on 

tungsten oxide (WO3) has revealed that phase transitions and thermal expansion cause 

changes in the material's mechanical properties at high temperatures. 
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In studies on the mechanical characteristics of transition metal oxides have revealed 

important information on their elastic properties, strength, and the effects of size, 

morphology, and environmental factors. For these materials to be successfully used in areas 

like structural materials, sensors, and microelectromechanical systems (MEMS), it is 

essential to understand their mechanical behaviour. The design and optimization of transition 

metal oxide-based materials with customized mechanical properties for particular 

applications would benefit from further research in this field. 

2.2.5 Review of electrical properties of transition metal oxides 

The fascinating electrical characteristics of transition metal oxides (TMOs), which make 

them excellent candidates for a variety of applications including catalysis, energy storage, 

and electronics, have drawn considerable interest in the field of materials research. Based on 

articles that have been published, and it will examine the electrical characteristics of TMOs in 

this review. 

The adjustable conductivity of transition metal oxide is one of the significant electrical 

characteristics. The conductivity of transition metal oxide can be modified by adjusting 

external stimuli like temperature, pressure, or doping. For instance, an electric field 

can regulate the conductivity of vanadium dioxide (VO2). VO2 experiences a metal-to-

insulator transition at a threshold temperature, which significantly alters conductivity [28]. 

Potential uses for this characteristic include switches and sensors in electronic equipment. 

Transition metal oxides also display a variety of electronic ordering phenomena. For 

example, the interaction of charge, spin, and orbital degrees of freedom in perovskite-type 

transition metal oxides results in fascinating phenomena like high-temperature 

superconductivity and enormous magnetoresistance. In a study it is looked that the electronic 

ordering of manganite-based perovskites and found that when temperature decreased, there 

was a significant decrease in conductivity and a transition from a ferromagnetic metal to an 
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antiferromagnetic insulator [29]. This transition results in complex phase diagrams and 

unusual electrical characteristics because of the delicate balance between electron-electron 

interactions and lattice distortions. 

Furthermore, their distinct redox characteristics, transition metal oxides have showed 

potential in energy storage applications. Lithium-ion batteries frequently use transition metal 

oxides as cathode materials, such as lithium cobalt oxide (LiCoO2) [30]. Lithium ions can be 

intercalated and deintercalated inside the crystal structure of TMOs, which promotes 

reversible redox processes and effective energy storage. A novel manganese oxide-based 

material with improved capacity and stability for sodium-ion batteries was 

synthesized creating new opportunities for next-generation energy storage technologies [31]. 

In transition metal oxides have a wide range of rich and varied electrical characteristics. They 

are very appealing for a variety of applications due to their adjustable conductivity, electronic 

ordering phenomena, and redox characteristics. The studies covered in this review 

demonstrate how adaptable and useful TMOs are for a variety of applications, including 

energy storage and electronics. Unlocking the full potential of these materials and 

discovering unique phenomena that could completely alter a variety of technical fields are 

both possible with more research in this area. 

2.2.6 Review of chemical properties of transition metal oxides 

Transition metal oxides (TMOs) are flexible materials with a wide range of exciting chemical 

properties that make them useful in a variety of industries, including catalysis, energy 

storage, and electronics. Based on earlier findings, it will examine the chemical 

characteristics of TMOs in this review. 

The redox activity of transition metal oxides is a crucial chemical characteristic. Because they 

may undergo reversible oxidation and reduction reactions, a lot of transition metal oxides are 

useful for energy storage applications. For instance, in a study of the redox properties of 
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cobalt oxide (Co3O4), which is used as an anode material in lithium-ion batteries [32]. Due to 

its multi-electron redox processes, Co3O4 has shown to have a high specific capacity and 

good cycling stability, making it a suitable option for next-generation energy storage devices. 

Additionally, because of their distinct surface structures and electrical topologies, transition 

metal oxides frequently display a variety of catalytic capabilities. One well-known catalyst 

utilized in numerous applications is titanium dioxide (TiO2). The catalytic capabilities of TiO2 

in the breakdown of organic contaminants was examined [33]. It was evident that TiO2's 

catalytic activity was considerably influenced by its chemical composition, crystal structure, 

and surface area, underscoring the need of comprehending the chemical features for 

improving catalytic performance. 

Transition metal oxides can also go through ion exchange and intercalation processes, which 

let foreign ions or molecules be incorporated into their structures. This feature creates 

possibilities for ion storage and sensor applications. The ion exchange behaviour of tungsten 

oxide (WO3) for electrochromic applications was investigated [34]. They were able to 

generate tunable colour changes in the material by managing the intercalation of protons and 

lithium ions, opening the door to possible uses in smart windows and displays. 

Additionally, a key factor in determining the practical application of transition metal oxides is 

their chemical stability. Transition metal oxides can display different levels of chemical 

reactivity, oxidation resistance, and corrosion resistance. These characteristics may be 

affected by elements such the crystal structure, surface termination, and environmental 

exposure. To ensure TMOs' long-term effectiveness in applications like coatings and 

corrosion protection, it is crucial to comprehend their chemical stability [35]. To develop 

methods for increasing the stability and toughness of transition metal oxide-based materials, 

more study in this area is required. 
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The numerous and significant chemical characteristics of transition metal oxides are 

summarized in this chapter. They are extremely desirable for a variety of applications due to 

their high redox activity, catalytic abilities, ion exchange behaviour, and chemical stability. 

The studies covered in this review underline the significance of comprehending and 

modifying the chemical characteristics of transition metal oxides for the creation of new 

materials with improved functionality and performance. Continued study in this area has the 

potential to open up new applications and further advancing the field of materials science. 

2.3 Classification of tungsten tri-oxide (WO3) 

The chemical compound combining oxygen and the transition metal tungsten, having the 

formula WO3, is tungsten (VI) oxide, commonly referred to as tungsten trioxide. Due to its 

close kinship to tungstic acid H2WO4, the substance is sometimes known as tungstic 

anhydride. It is a crystalline solid that is light yellow. In nature tungsten (VI) oxide is found 

as hydrates of the minerals tungstite (WO3.H2O), meymacite (WO3.2H2O), and hydro 

tungstite (which has the same chemical composition as meymacite but is occasionally 

abbreviated as H2WO4). These secondary tungsten minerals are extremely rare. 

Temperature affects tungsten trioxide's crystal structure. At temperatures over 740 °C, it is 

tetragonal; between 330 and 740 °C, orthorhombic; between 17 and 330 °C, monoclinic; 

between -50 and 17 °C, triclinic; and below -50 °C, monoclinic once more. The monoclinic 

form of WO3 is the most stable [36]. 

2.4 Properties of tungsten tri-oxide (WO3) 

The compound tungsten trioxide (WO3) has a variety of characteristics that make it a valuable 

material for many different uses. Here are some of tungsten trioxide's main characteristics 

based on survey of the literature: 
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2.4.1 Catalytic properties 

The catalyst tungsten trioxide works well for a variety of reactions. It is recognized for its 

catalytic activity in the oxidation of organic substances, including alcohols, hydrocarbons, 

and volatile chemical molecules [37]. Tungsten trioxide has a special surface structure and 

redox characteristics that enhance its catalytic activity. 

2.4.2 Mechanical and thermal properties 

High melting point, strong thermal stability, and exceptional mechanical qualities are all 

characteristics of tungsten trioxide. Due of these qualities, it can be used in high-temperature 

applications including thermal barrier coatings and refractory materials [38]. 

2.4.3 Electrical properties 

A semiconductor with a broad bandgap, usually between 2.5 and 3.0 eV, is tungsten trioxide. 

This bandgap allows for efficient absorption of visible light and makes it suitable for 

optoelectronic applications [39]. 

2.4.4 Optical properties 

Particularly in the visible and near-infrared spectrums, tungsten trioxide demonstrates 

intriguing optical characteristics. For optical coatings and anti-reflection coatings, its high 

refractive index makes it beneficial. Additionally, tungsten trioxide exhibits electrochromic 

behaviour [40], making it appropriate for use in smart windows and display devices since it 

can alter its colour and optical transmittance in reaction to an external electric field. 

In tungsten trioxide has a variety of qualities that make it helpful in a variety of applications. 

It is an advantageous material for applications ranging from optics and electronics to energy 

and environmental technologies because of its optical, electrical, catalytic, energy storage, 

gas sensing, photocatalytic, and mechanical capabilities. 

 



49 
 

2.5 Review of Various synthesis methods of tungsten trioxide 

2.5.1 Solid state synthesis 

Ammonium meta tungstate served as the precursor for the preparation of the hexagonal phase 

of WO3 in high yield (approximately 95 % of the precursor). A quartz plate that had been 

previously dispersed with ammonium meta tungstate was then put into the centre of a 

horizontal tube furnace. When the temperature reached 500, 600, 700, 800, or 900 °C, an 

argon gas flow was started and maintained for three hours [41]. 

Ammonium meta tungstate
500℃

→
 

6NH3↑ + (n+4) H2O + 12WO3

600℃
→
 

m-

WO3 
700 − 800℃

→
 

c-WO3

900℃
→
 

h-WO3 

2.5.2 Sol-gel method 

In the sol-gel process, metal precursors are hydrolysed and condensed to create a sol, which 

is then heated to produce the required oxide. Tungsten alkoxides or tungsten chloride can be 

employed as precursor materials in the manufacture of WO3. This process provides good 

control over the morphology and content of the final WO3. The WO3 nanoparticles, thin 

films, and other nanostructures have all been synthesized using it. The sol-gel method allows 

for tailoring the properties of WO3 by modifying the synthesis parameters and dopants [42]. 

2.5.3 Hydrothermal method 

The synthesis of tungsten trioxide nanoparticles uses tungsten hexachloride as a precursor. 

The reaction was carried out by combining 0.05 M tungsten hexachloride and 0.05 M urea in 

a 40 mL solution of ethanol. Using a magnetic stirrer, the solution was continuously stirred 

until it took on a dark blue hue. It was then moved to a stainless steel autoclave with teflon 

lining, where it was kept at 180 ℃ for 12 hours. To get rid of the untreated species, the 
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finished product was washed and rinsed many times with distilled water and ethanol. The 

precipitate was then collected and dried for 24 hours in an oven set to 60 ℃. To form pristine 

WO3, the resultant solid products were annealed at 450 ℃ for three hours. The resulting 

WO3's particle size, morphology, and crystallinity can be controlled by adjusting the reaction 

parameters, which include temperature, pressure, and reaction time [43]. 

2.5.4 Precipitation method 

In the precipitation method, tungsten compounds are precipitated from a solution and then 

subjected to a further heat process to transform them into WO3. Starting materials frequently 

include tungstate salts like sodium tungstate or ammonium tungstate. By modifying the 

precipitation circumstances and post-treatment procedures, this method allows for scalability, 

simplicity, and the possibility of changing particle size and shape. The WO3 that has 

precipitated can then be treated further to produce the required results, such as nanoparticles, 

films, or bulk materials [44]. 

2.5.5 Thermal decomposition method 

The thermal decomposition process entails the thermal decomposition of tungsten compounds 

at high temperatures, such as ammonium meta-tungstate (AMT). This method has been used 

to produce WO3 nanoparticles, thin films, and nanowires. High purity and crystallinity are 

typical characteristics of the resultant WO3. By altering the precursor concentration, reaction 

temperature, and environment, one may control the particle size and morphology [45]. 

2.5.6 Chemical Vapour Deposition (CVD) 

Chemical vapour deposition is the process of depositing a solid coating onto a substrate by 

breaking down volatile precursor molecules in a gas phase. The tungsten precursor in the 

CVD technique is typically tungsten hexafluoride (WF6). Thin films of WO3 with regulated 

thickness and morphology can be produced by modifying the deposition parameters such as 
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temperature, pressure, and precursor flow rate. WO3 may be deposited via CVD with precise 

control over the film's characteristics on a variety of substrates [46]. 

2.5.7 Electrodeposition method 

By using pulsed electrodeposition, high surface area, porous, nanoparticulate tungsten oxide 

has been successfully synthesized. Pulse length has the ability to regulate particle size; as 

pulse duration reduced, particle size also reduces, and this effect was unaffected by the 

deposition voltage. Nanoparticulate tungsten oxide had higher photoactivity and current 

density for hydrogen intercalation compared to tungsten oxide films made using continuous 

electrodeposition. higher light absorbance, improved charge transport, and higher surface 

redox activity are the results of the nanocrystalline tungsten oxide's reduced particle size and 

larger surface area [47]. 

Other synthesis techniques have been investigated for WO3 in addition to the ones previously 

listed, such as spray pyrolysis [48], and template-assisted. 

2.6 Applications of tungsten trioxide (WO3) 

A versatile and extensively researched transition metal oxide, tungsten trioxide (WO3) has 

several uses in a variety of industries. It is suitable for a variety of technological 

developments due to its special characteristics, which include tunable electrical conductivity, 

photochromic behaviour, and catalytic activity. The various uses of tungsten trioxide are 

examined in this literature review, with an emphasis on its importance in energy storage, 

optoelectronics, gas sensing, and smart windows. 

2.6.1 Photocatalysis 

Due to its photocatalytic capabilities, tungsten trioxide may use solar energy in a variety of 

ways. It is suitable for water splitting, pollutant degradation, and hydrogen production 

because it can produce charge carriers in response to light irradiation. Photocatalysts based on 



52 
 

tungsten trioxide have demonstrated good performance in the degradation of organic dyes 

[49], water purification, and overall solar energy conversion efficiency [50]. 

2.6.2 Energy storage 

For use as an electrode material in energy storage systems like lithium-ion batteries and 

supercapacitors, tungsten trioxide has attracted attention [51]. It is a viable contender for 

high-performance battery applications due to its capacity to intercalate lithium ions and its 

charge/discharge cycling stability. Additionally, a supercapacitor's increased energy storage 

capacity is made possible by the material's enormous surface area and high electrochemical 

activity. 

2.6.3 Optoelectronics 

Due to its exceptional optical and electrical characteristics, tungsten trioxide is the perfect 

substance for optoelectronic devices. Its use in electrochromic devices (ECDs) and smart 

windows has been thoroughly researched [52]. Reversible colour changes provided by ECDs 

based on tungsten trioxide allow for dynamic regulation of light transmission, which is useful 

for energy-efficient windows and smart glass applications. 

2.6.4 Gas sensing 

It has been widely investigated how tungsten trioxide can be used in gas sensing applications 

to detect gases including nitrogen dioxide (NO2) [53], carbon monoxide (CO), and volatile 

organic compounds (VOCs). The high specific surface area and distinctive surface chemistry 

of this material enable effective gas adsorption and detection. High selectivity, sensitivity, and 

quick response times of tungsten trioxide-based gas sensors have made them suitable for 

application in environmental monitoring, industrial safety, and air quality control. 
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2.6.5 Nanoelectronics 

For nano-electronic applications, the unique electrical characteristics of tungsten trioxide at 

the nanoscale have garnered considerable interest. Field-effect transistors, resistive random-

access memory (RRAM), and nanowires have all benefited from its use. Due to their 

exceptional stability, high electron mobility, and compatibility with complementary metal-

oxide-semiconductor (CMOS) technology, tungsten trioxide nanowires hold promise as a 

foundation for future nano-electronic devices. 

A versatile material with numerous uses in energy storage, optoelectronics, gas sensing, 

photocatalysis, and nanoelectronics is tungsten trioxide (WO3). It is a prospective contender 

for a number of technological breakthroughs due to its distinctive qualities, which include 

variable electrical conductivity, photochromic behaviour, and catalytic activity. For tungsten 

trioxide to reach its full potential and grow its range of uses across various industries, further 

research and development are required in this area. Tungsten trioxide is expected to play a 

significant role in determining the future of advanced electronics, environmental monitoring, 

and energy-efficient technologies. 

2.7 Application of tungsten tri-oxide based material in photocatalysis 

Materials based on tungsten trioxide (WO3) have drawn a lot of interest in the field of 

photocatalysis because of their distinctive characteristics and potential for effective solar 

energy conversion. Water splitting, the degradation of pollutants, and the production of 

hydrogen are all common applications for the process known as photocatalysis, in which a 

catalyst absorbs light and starts a chemical reaction. Given this situation, WO3-based 

materials provide a number of benefits that make them strong contenders for photocatalytic 

applications. 

Firstly, tungsten trioxide has an optimal bandgap energy (2.6–2.8 eV) that enables it to 

effectively absorb visible light. This makes it more effective than substances that solely 
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absorb ultraviolet (UV) light because it can use a wider range of the solar spectrum for 

catalytic processes. Visible light can be used for a variety of solar-powered applications 

because visible light makes up the majority of solar energy [54]. 

Secondly, WO3-based materials have great charge separation efficiency and high charge 

carrier mobility, both of which are necessary for effective photocatalysis. The separation of 

these charges is essential to avoid recombination and optimize the use of photoexcited 

electrons for catalytic reactions. WO3 produces electron-hole pairs when exposed to 

light. Tungsten tri-oxide based material has a distinctive electronic structure that makes 

charge transfer effective and allows for increased photocatalytic activity. 

Thirdly, exceptional stability and resistance to photo-corrosion are displayed by tungsten 

trioxide, which is necessary for long-term photocatalytic applications. Under continuous light 

exposure, several photocatalysts have a tendency to deteriorate or undergo structural changes, 

which restricts their usefulness. However, under photocatalytic circumstances, WO3-based 

materials have demonstrated good stability, ensuring their longevity and long-term 

performance. 

Tungsten trioxide has been used in a variety of photocatalytic reactions. For instance, WO3-

based catalysts have been utilized to split water into hydrogen and oxygen with the help of 

solar radiation. The creation of hydrogen fuel and the production of renewable energy are 

both significantly impacted by this process [55]. 

Additionally, WO3-based photocatalysts were proven to function exceptionally well in the 

oxidative photocatalytic oxidation of organic contaminants such as dyes and pharmaceuticals. 

The effective breakdown of organic pollutants is facilitated by the reactive oxygen species 

produced by tungsten trioxide, which aids in environmental clean-up. 

This materials based on tungsten trioxide have demonstrated significant promise for 

photocatalytic applications. They make ideal candidates for solar-driven water splitting, 
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pollutant degradation, and hydrogen production due to their high charge carrier mobility, 

outstanding stability, efficient absorption of visible light, resistance to photo-corrosion, and 

resistance to photodegradation. For tungsten trioxide-based photocatalysts to be widely used 

in renewable energy and environmental applications, continued research and development in 

this field are essential for increasing their effectiveness and comprehending the underlying 

mechanisms. 

2.8 Conclusions 

The literature study has shown the several uses of tungsten trioxide (WO3) and its importance 

in photocatalysis, optoelectronics, gas sensing, and energy storage. WO3 is a special kind of 

material because of its tunable electrical conductivity, photochromic activity, and special 

features. The study also discusses the several synthesis techniques used to synthesize 

tungsten trioxide, such as solid-state synthesis, sol-gel techniques, hydrothermal synthesis, 

and chemical vapor deposition.  These synthesis techniques contribute to the development of 

tailored WO3 structures with optimized properties for specific applications. 
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3.1. General description of synthesis methods of nanomaterials 

In the current times, the synthesis of nanostructured materials has received significant 

attention which can be achieved by suitable physical and chemical techniques. The shape, 

size as well as the functionality of basic structural units of the nanomaterials to be 

synthesized can be controlled efficiently. Although, the synthesis of nanostructured materials 

can be done in several ways but generally, they can be classified into two main approaches: 

the top-down and the bottom-up. In top-down approach, the size of bulk material is reduced 

to nano-sized particle or structure with the help of physical processes like grinding, crushing, 

milling, electron-beam lithography etc. The greatest disadvantage of this method is the 

imperfection of crystallographic and surface structure. On the other hand, bottom-up 

approach involves gradual building of a nanomaterial from the bottom by assembling atom-

by-atom or molecule-by-molecule. This method is very much economical as well as the shape 

and size distribution of the units of nanomaterials can be controlled easily. It includes 

chemical methods such as hydrothermal method, solid-state synthesis, colloidal precipitation, 

electrodeposition etc. The methods we have used for the synthesis of nanostructured 

materials (pure and hydrated WO3, gC3N4, composite of WO3 with gC3N4) are described 

below:  

3.1.1. Hydrothermal set-up 

Hydrothermal method is a technique 

for synthesizing pure, hydrated and 

nano-composite materials. It is a non-

conventional method of growing 

nanoparticles in an aqueous solution at 

high temperature (> room temperature) 

Fig. 3.1: Digital image of (a) autoclave setup 

and (b) the teflon tube in the autoclave 
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and pressure (> 1-2 atm) in an autoclave. Hydrothermal process has various advantages 

beginning from high product purity to homogeneity. In 21st century, this method has become 

a frontline technology in the developing field of advanced material processing. For material 

processing, hydrothermal technique requires a robust, non-reactive vessel known as autoclave 

as shown in Fig. 3.1. An autoclave is a pressurized device which is teflon-lined from inner 

side and outer side is made from stainless steel. In this device, the heating of aqueous solution 

or organic solvents take place above their boiling point at a pressure higher than normal 

atmospheric pressure. Basically, an autoclave is a cylindrical iron chamber which is fitted 

with an iron screw cap. To withstand very high pressure during the reaction, the iron screw 

cap may be fitted very tightly with the iron chamber. Inside the iron chamber, a cylindrical 

teflon tube with a teflon cap is fitted which serves as the inert reaction chamber. 

3.2. General description of major synthesis apparatus 

3.2.1. Hot Air Oven 

The working theory is based on fine gravity air convection in a heated chamber by electricity. 

A number of parts are included in the machine to guarantee even heating throughout the 

chamber. The machine operates effectively and returns to normal temperature once the test 

process is complete due to features like the two jackets design, automatic control unit, PID 

controlled, PT 100 sensors, and temperature pre-set. It has been designed to simplify the 

process of dry sterilization and pre-treatment of various materials, such as rubber, plastic, and 

others. Forced circulation of the air inside the chamber enables proper heat distribution inside 

the space. The hotter the air inside the chamber gets the lighter and upward-moving it 

becomes. The fan inside the chamber pulls it back to the bottom as it reaches the top. This 

causes the air to circulate continuously in a circular motion inside the cabinet, finally 

resulting in the ideal temperature being reached. Always be careful not to remove items from 
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the oven too soon after placing them inside. The items are removed after the oven has reached 

a regular temperature. 

 

 

 

 

 

 

Fig. 3.2: Schematic diagram of a hot air oven 

3.2.2 Weighing balance 

An instrument used to calculate an object's weight or mass is a weighing balance. It is 

necessary equipment in laboratories, commercial kitchens, and pharmacies and is available in 

a variety of sizes with various weighing capacities. 

 

 

 

 

 

 

Fig. 3.3: Digital weighing machine 
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3.2.3 Magnetic stirrer 

In order to stir a non-magnetic liquid in a container, a magnetic stirrer uses a rotating 

magnetic field. A magnet installed on the stirrer under the container produces the revolving 

field. A revolving magnetic field that extends into the liquid is produced when the magnet 

spins. 

 

 

 

 

 

 

 

Fig. 3.4: Figure showing a magnetic stirrer (a) and centrifuge machine (b) 

3.2.4 Centrifuge 

A centrifuge is a device that uses centrifugal force to apply a certain constant force to a 

specimen, such as to separate different fluid components. This is accomplished by rapidly 

spinning the fluid inside a container to separate liquids from solids or fluids with varying 

densities (such as cream from milk). Denser materials and particles travel outward in a radial 

direction as a result of its action. Less dense objects are also transported to the centre and 

dispersed at the same time. Due to the radial acceleration denser particles sink to the bottom 

of sample tubes used in laboratory centrifuges while low-density materials ascend to the top. 

Using a centrifuge as a filter to remove pollutants can be highly successful. 

(b) 

 

(a) 
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3.3. Characterization Tools 

3.3.1 X-ray Diffractometer 

X-ray diffraction is an important technique for determining the structure of the crystals. The 

German physicist Roentgen discovered X-ray in the year 1895 and it the term X-ray was 

given due to its unknown nature at that time. X-Ray shows more penetrating nature than that 

of light. The exact diffraction phenomenon of X-rays by the atomic planes of the crystal and 

its nature were properly discovered in the year of 1912. The theory behind XRD is a result of 

pioneering works of Bragg. The discovery showed the wave nature of X-rays and a new 

direction for investigation of structure of matter was explored. Solid matter can be classified 

as follows: Amorphous and Crystalline. 

• Amorphous 

The arrangement of atoms is in random manner similar to the disorder we find in a liquid. 

Glass is an amorphous material. 

• Crystalline 

The arrangement of atoms is periodic and repetitive in nature. One smallest volume of 

element by its repetition in three dimensions describes the crystal. This smallest volume 

of element is called a unit cell. 

X-rays are electromagnetic radiation having shorter wavelength than that of light (0.01 to 10 

nanometres). For analytical purpose 0.07 to 0.2 nm is most powerful. X-ray lies in the region 

of spectrum between gamma rays and ultraviolet rays. 

3.3.1.1 X-ray Diffraction 

X-ray diffraction method is based on scattering of X-rays by crystals. By using this method 

analyst can easily identify the crystal structure of any solid compound (sample) with high 
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degree of specificity and accuracy. XRD is extremely an important method as compared to 

others X-ray spectroscopy. 

 

 

 

 

 

 

Fig. 3.5: Visible light spectrum - the electromagnetic spectrum colour 

3.3.1.2 X-ray Absorption 

This is similar to absorption method in other regions of electromagnetic spectra like UV-

Visible/IR spectroscopy. It gives information about the absorbing material. In this method a 

beam of X-ray is passed through the sample and the fraction of X-ray photons absorbed is 

considered to be a measure of concentration of the sample. This method is least used as 

compared to other X-ray methods. It is used to detect imperfection in the internal structure, 

elemental analysis, thickness measurement etc. 

3.3.1.3 X-ray Fluorescence 

In this method X-rays are generated within the sample and by measuring the wavelength and 

intensity of the generated X-ray; analyst can perform qualitative as well as quantitative 

analysis. 

All X-ray spectroscopic methods are non-destructive. 
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3.3.1.4 Theory 

Bragg’s law suggests that the crystal structure can be considered as an array of atom forming 

planes. The X-ray on striking an atom will scatter in same direction. The scattered X-ray can 

interfere constructively if they are in phase or destructively if they are out of phase. The path 

difference between the two X-rays scattering from the two planes can be easily seen to be 

2dsin𝜃, where d = interplanar spacing, 𝜃 = incident angle. For the two waves to interfere 

constructively, they should satisfy, the following relation 2dsin 𝜃 = nλ (λ = wavelength of X-

ray). Now, if we consider the XRD graph for a crystalline material, we will get same intensity 

peaks in some material and for an amorphous material, no peaks will throw but we get a 

bump. 

 

 

 

 

 

 

Fig. 3.6: Schematic diagram of the path difference between two “X” rays 

Using JCPDS card, we can identify the material and by using Scherrer formula we can get 

size of the material from the XRD graph. 

D = k𝜆/𝛽𝑐𝑜𝑠 𝜃                   (3.1) 

Where, 

D = size of particle of crystalline method, 
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k = dimensionless shape factor, 

λ = wavelength of incident X-ray, 

β = Line broadening at half of maximum intensity (FWHM), and 

𝜃 = Bragg’s Angle. 

3.3.1.5 Instrumentation 

 X-ray Tube 

X-ray tube is a large vacuum tube containing a heated cathode of tungsten filament and a 

copper target metal anode. It is operated at a higher voltage up to 60 KV. 

 

 

 

 

 

 

Fig. 3.7: XRD patterns for (1) Amorphous material, (2) Crystalline material 

 Collimator 

To get a narrow beam of X-ray, they are passed through a collimator. It contains two closely 

packed metal plates, separated by a small gap. 

 Monochromator 

(a) Filter: X-ray will be partly monochromatized. Filter absorbs undesirable radiations and 

passed required radiations. 
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(b) Crystal Monochromator: It is made up of suitable crystalline materials like Quartz. 

 Detector 

A film is exposed and developed in X-rays passed through the sample and D value is 

determined by a densitometer. 

D = I0/I                                      (3.2) 

Where, 

I0 = incident X-rays, and 

I = transmitted X-rays. 

 

 

 

 

 

Fig. 3.8: The schematic diagram of Bragg’s X-ray spectrometer (a) and the X-ray (b) 

3.3.1.6 Procedure/Methodology 

A simple X-ray diffraction experimental setup requires the following: a radiation source, a 

sample crystal and a detector. The source gives of X-rays that strike the crystal at some angle 

𝜃 and the detector detects the scattered radiation at an angle of 2𝜃 from the source. The X-

rays heats the atom in the crystal plane and scatter in different direction. For diffraction to 

occur the scatter radiation must be coherent therefore the scattering must be elastic, the 

angular position of the source over the range of interest and correspondingly. The detector 

and the intensities of the scattered radiations are recorded and plotted versus 2𝜃. This plot of 

(a) (b) 
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intensity is called XRD pattern. The detector can be of several kinds. It requires a simple 

photographic plate or sophisticated. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.9: Experimental setup of X-Ray diffractometer 

The intensity of the highest peak is set to 100 and the rest of the peaks are so called with 

respect to this. Thus, the peaks are mapped to a particular set of lattice planes given by the 

corresponding miller indices. This is done by calculating the interplanar spacing 

corresponding to a particular peak. And using a relationship between ‘d’ and the indices for 

different lattice types. 

3.3.2 Fourier transform infrared spectroscopy (FTIR) 

The vibration of molecules is the focus of FTIR spectroscopy, also known as Fourier-

transform infrared spectroscopy. The sum of all the functional groups can be utilized to 
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identify a molecule because each functional group has a unique discrete vibrational energy. 

This makes FTIR microscopy perfect for sample identification, characterization of multilayer 

films, and particle analysis. The electromagnetic spectrum is divided into many sections that 

correspond to various energy (E), frequency, and wavelength ranges. The wavenumber (cm -

1), which is used to measure near, mid, and far-infrared light, is derived from the inverse 

relationship between wavelength and frequency. 

 

 

 

 

Fig 3.10: Electromagnetic spectrum showing near and far infrared regions 

The IR light's ability to alter the dipole moments in molecules that are related to a particular 

vibrational energy is used by FTIR spectroscopy. Two variables—reduced mass (𝜇) and the 

bond spring constant (k)—relate to vibrational energy. We can examine C-C, C=C, and CC 

for the k constant, which reveal an increase of 800 cm -1 across the period. A shift of 100 cm-1 

results from replacing nitrogen and oxygen atoms in a C-C bond. It is clear from comparing 

the two series that bond strength affects wavenumbers more than mass. Every functional 

group has a unique vibration since each one is made up of distinct atoms and bonds with 

varied strengths (for instance, O-H and C-H stretches emerge at 3200 cm-1 and 2900 cm-1, 

respectively). There is a correlation graph with different functional group vibrations. Since 

each molecule has a unique collection of vibrational energy bands for each of its functional 

groups, these peaks can be utilized to identify molecules via library searches of extensive 

sample libraries. 
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3.3.2.1 Working theory and different components of FTIR 

The source, interferometer, and detector are the three main components of an FTIR. 

Typically, the source is a broad-spectrum emitter like a far-IR mercury lamp (10-700 cm -1), a 

near-IR halogen lamp (2,200-25,000 cm -1), or a mid-IR ceramic source (50-7,800 cm -1). The 

interferometer, which can be seen in box, is the brain of FTIR and is made up of a beam-

splitter, a stationary mirror, a moving mirror, and a timed laser. The beam-splitter divides a 

source of light into two channels, one leading to a stationary mirror and the other to a moving 

mirror. However, for high throughput applications, a low angle interferometer is favoured 

since the P and S polarizations converge near to the Brewster's Angle. In many FTIR systems, 

the beam-splitter is positioned at 45 degrees to the incident beam. For mid-IR, KBr (375 - 

12,000 cm -1), quartz (4,000 - 25,000 cm -1), and far-IR, mylar (30 - 680 cm -1), are common 

beam-splitter materials. At the beam-splitter, the beams from the fixed and moving mirrors 

are once again mixed and directed toward the sample.  

 

 

 

 

 

Fig. 3.11: Different parts and working of FTIR spectroscopy 

Over the duration of the time, it takes for the moving mirror to make a pass; the difference in 

the paths of the mirrors generates both positive and negative interference. An interferogram 

plots the signal against the position of the mirrors (and subsequently, time). The precise 

known laser wavelength is utilized to calculate the location of the moving mirror. Due to its 
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superior wavelength stability as compared to solid-state or diode lasers, He-Ne lasers are the 

industry standard. Spectral additions, library searches, and other tasks requiring great 

wavenumber accuracy are made possible by this laser's steadiness. 

3.3.2.2 Near Infrared 

Between 4,000 and 12,800 cm-1 is where the Near-IR region of the electromagnetic spectrum 

is located. The simultaneous occurrence of two of the same vibrational modes, known as 

overtones, and two different vibrational modes, known as combinations, both occur in this 

region. The intensity of these modes is frequently extremely low because they are not strictly 

permitted by quantum mechanics. These spectra are frequently complicated, necessitating the 

employment of chemometric 

techniques like multivariate analysis. 

Despite these limitations, Near-IR 

spectroscopy has many advantages. 

First off, since the light's journey is 

long enough, bulk samples can be 

examined with little to no sample 

preparation. Second, unlike mid-IR, 

water has no impact on signal. 

3.3.2.3 Far infrared 

The Far Infrared spectrum spans the wavelengths of 10 cm-1 and 700 cm-1. 3+ atom 

functional groups, such as the bending of the -C-C-C- atom and lattice vibrations in 

crystalline materials, are the bonds that are visible in this region. Materials with the same 

chemical structure but distinct crystal structures may be differentiated using far-IR since they 

depend heavily on conformation or crystal structure. 

Fig. 3.12: Experimental set up of FTIR Spectrometer 
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3.3.3 UV-VIS Spectroscopy 

Spectroscopy is the study of electromagnetic radiation’s interaction with matter. In UV-VIS 

spectroscopy the range of spectrum is from UV to visible light range. Wavelength of 

electromagnetic radiation within this range is incident upon sample and the desired 

concentration of certain compound present in the sample is calculated by this method. 

 

 

 

 

Fig. 3.13: Diagrammatic setup UV-VIS spectroscopy 

3.3.3.1 Working principle 

When light hits a molecule/compound/element, it excites the electrons which jump to a 

higher energy level indicating a certain amount of energy transfer. The light after passing 

through the sample a certain fraction is absorbed and certain fraction is transmitted. From 

Beer-Lambert’s law we get the relation between absorbance and concentration. The 

concentration can be calculated with this method of an unknown sample. 

I’ = Incident light intensity, 

I0 = Intensity of light after passing through control (i.e. water), 

I = Intensity of light after passing through test sample, 

Transmittance (T) = I/I0, 

Percentage transmittance = T*100 = T %, 

Absorbance (A) = -log T, 

Transmittance (T) = 10-A, 

Fig. 3.14: Diagram for calculation of concentration 
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From Beer Lambert’s law we get, 

A = ∈Cl, 

C = A/∈l (In terms of absorbance), 

C = -log T/∈l (In terms of transmittance), 

C = (-log I/I0)/∈l (In terms of intensity). 

3.3.3.2 Absorption Spectrum 

It is the plot of absorbance vs wavelength of incident light. 

 

 

 

 

 

Fig. 3.15: Plot of absorbance versus wavelength 

From this we can get the wavelength at which we can have maximum absorbance. And 

concentration value for maximum absorbance can be calculated. By using this UV-VIS 

method we can easily calculate the concentration of unknown sample and can also measure 

how much a chemical substance can absorb light. 

3.3.3.3 Configuration of instrument 

The transmittance or absorbance of a sample as a function of the wavelength of 

electromagnetic radiation is measured by a spectrophotometer. A spectrophotometer's 

essential elements are: 

a. Source  
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b. Monochromator  

c. Sample container 

d. Detectors 

a. Source 

The ideal light source would have low noise, long-term stability, and a constant intensity 

across all wavelengths. However, there isn't a source like that. UV-visible spectrophotometers 

frequently use two sources. A continuous UV spectrum is produced when deuterium or 

hydrogen is electrically excited under low pressure. The mechanism entails the production of 

an excited molecular species, which disintegrates to produce two atomic species, an 

ultraviolet photon, and other by products. You can represent this as follows: 

 D2+ electrical energy→ D2* →D' + D'' + hv 

Radiation from deuterium lamps is visible in the 160–375 nm range. These lamps must have 

quartz cuvettes and windows since glass absorbs light with wavelengths shorter than 350 nm. 

As a Visible source of light tungsten filament lamp is commonly used. This type of lamp is 

employed in the wavelength range of 350-2500 nm. 

b. Monochromator 

All monochromators have specific parts, including an exit slit, collimating mirrors, focusing 

mirrors, a dispersing device (often a prism or grating), and an input slit. Through the entrance 

slit, multi-wavelength polychromatic light enters the monochromator. After collimating, the 

beam strikes the dispersing component at an angle. The grating or prism divides the beam's 

wavelengths into their individual components. Only radiation of a specific wavelength exits 

the monochromator through the exit slit when the dispersing element or the exit slit are 

moved. 
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c. Sample container 

The cuvettes used to hold the reference solution and sample solution must be transparent to 

the radiation that will flow through them. For UV spectroscopy, quartz or fused silica 

cuvettes are necessary. 

d. Detector 

An electrical signal is created from a light signal by a detector. Commonly employed in UV-

VIS spectroscopy as a detector is the photomultiplier tube. A photo-emissive cathode, 

numerous dynodes, and an anode make up the device. A photo-emissive cathode produces 

electrons when photons of radiation strike it. A multichannel photon detector is a linear 

photodiode array, which is another type of detector. These detectors can concurrently measure 

every component of a scattered radiation beam. Photodiode arrays are intricate gadgets with 

exceptional durability due to their solid state construction. 

 

 

 

Fig. 3.16: Experimental set up of UV-Visible spectrophotometer 

3.3.4 Field Emission Scanning Electron Microscope (FESEM) 

FESEM is the abbreviation of Field Emission Scanning Electron Microscope. A FESEM is 

used to visualize very small topographic details on the surface or entire or fractional objects. 

Researchers in biology, chemistry and physics apply this technique to observe structures that 

may be as small as few nanometres. Electrons are liberated from a field emission source and 

accelerated in a high electric field gradient, within the high vacuum column these so called, 

primary electrons are focussed and deflected by electric lenses to produce a narrow scan 



81 
 

beam electronic lenses that bombard the object. As a result, the secondary electrons are 

emitted from each spot on the object. The angle and velocity of this secondary electrons 

relates to the surface structure of the object. A detector catches the secondary electrons and 

produced and electronic signal. This signal is amplified and transformed to a video scan 

image that can be scanned and processed further. In a field emission (FE) scanning electron 

microscope no heating but so called, cold source is employed. An extremely thin and sharp 

tungsten needle (tip diameter 10-2 to 10-8 m) function as a cathode in front of primary and 

secondary anode. The voltage between cathode and anode is in the order of magnitude of 0.5-

30 KV, because the electron beam produced by the FE source is about 1000 times smaller 

than in standard microscope, the image quality is marked better. As field emission 

necessitates an extreme vacuum (10-8 torr) in the column of microscope, a device is present 

that regularly decontaminates the electron source by a current flash. The tungsten filament 

last theoretically for a long time (i.e. life time) provided the vacuum is maintained stable. 

The electron beam is formed by the electromagnetic lenses (conductor lenses, scan coil, 

stigmator coils and objective lens) and the apertures in the column to a tiny sharp spot. 

• Condenser lens 

The current in the condenser lens determines the diameter of the beam, low current 

results in a small diameter, a higher current in a larger beam. A narrow beam has the 

advantage that the resolution is better but disadvantage is signal to noise ratio is high. 

The situation is reversed when the beam has large diameter. The condenser lens 

consists mostly of two parts. 

• Scan coils 

The scan coils deflect the electron beam over the object according to a zigzag 

position. The formation of image on monitor occurs synchronously with the scan 

memory. The scan velocity determines the refreshing rate on the screen and the 
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amount of noise in the image. The smaller the scanned region on the object, the larger 

the magnification becomes at a constant window size. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.17: Schematic diagram of FESEM 

• Objective lens 

The objective lens is the lowest lens in the column. This lens focuses the electron 

beam on the object. At a short working distance, the objective lens needs to apply a 
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greater force to detect the electron beam. The shortest working distance produces the 

smallest beam diameter, the best resolution. 

• Stigmator coils 

The stigmator coils are utilized to correct irregularities in the x and y reflector of the 

beam and thus to obtain a perfectly round shaped beam action of the beam, not 

circular, but ellipsoidal, the image looks blurred and stretched. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.18: Configuration of FESEM and its different components 

• Object chamber 

After the object has been covered by a conductive layer it is mounted on to a special 

holder. The object is inserted through an exchange chamber into a high vacuum 

spot/part of a microscope and anchored on a moveable stage. In the virtual FESEM 
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the object can be moved in the horizontal as well as vertical direction on the screen 

by operating arrow in position box. The object can be repositioned in the chamber by 

means of a grey stick in a left right axis. The secondary electron emission detector is 

located at the rear end of the object holder in the chamber. 

• Image formation 

When the primary probe bombards the object, secondary electrons are emitted from 

the object's surface at a certain velocity. This is determined by the levels and angles 

at the object's surface. The secondary electrons, which are attracted by corona, strike 

the scintillator that produces photons. The location and intensity of illumination of 

the mirror vary depending on properties of secondary electrons. The signal produced 

is amplified and the secondary electrons that is fed to a CRT. The contrast in the real 

time image that appears on the screen reflects the structure of surface on object. 

Parallel to analog image, a digital image is generated which can be further processed. 

3.3.4.1 Magnification 

Magnification is expressed by the distance travelled by the recording beam in a given time to 

the distance travelled by the beam on the specimen. In scanning electron microscope, the area 

is scanned in a sequence. So, if Ds &Dr are the sides of the square scanned on the specimen 

and on the recording unit in the image, then magnification: M = Dr/Ds. 

Since resolution is clearly related to the size of the beam diameter, the size of the beam 

emitted from the electron gun must be sufficiently demagnified. 

3.3.5 Photoluminescence Spectroscopy (PL) 

Using photoluminescence (PL) spectroscopy is an easy, straightforward, non-destructive 

technique. The band gap, impurity concentration, defect detection, recombination 
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mechanism, surface structure, fluorescence characteristic, and excited states of a material can 

all be identified using this technique. In the non-contact mode, photoluminescence 

spectroscopy is carried out. It is a technique for non-destructively inspecting a material's 

electronic structure. It can be summed up as a device that communicates with both matter and 

light. 

3.3.5.1 Basic Principle 

Excess energy from the light that strikes a sample is absorbed by the substance. Photo-

excitation is the term used to describe this. The sample can release this extra energy in a 

variety of ways, including light emission, commonly referred to as 

luminescence. Luminescence caused by photo-excitation is known as photoluminescence.  

 

 

 

 

 

 

 

 

Fig. 3.19: Schematic diagram of spectrofluorometer instrument 

When a substance is stimulated, its electrons reside the permitted excited states. These 

excited electrons release the excess energy in the form of light (radiative process) or any non-

radiative process in order to return to their stable, i.e., equilibrium or ground state. The 
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energy of the emitted light (photoluminescence) is proportional to the energy difference 

between the two electronic states involved in the transition between excited and equilibrium 

states. The proportion of the radiative process controls how much light is released. 

3.3.5.2 Photoluminescence Different Modes 

a. Resonant radiation: In this process, a photon of a particular wavelength is absorbed, and 

an instantaneous emission of an equivalent photon follows. The time scales for this process 

are of the order of 10 nanoseconds, and there are no visible internal energy changes between 

absorption and emission. 

b. Fluorescence: A specific joule of absorbed energy is released when the chemical substrate 

starts the internal energy transition by emitting photons before returning to its ground state, 

making the emitted light less energetic than the absorbed. Fluorescence is one of the 

recognized processes, having a lifespan of 10-8 to 10- 4 s. 

c. Phosphorescence: Intersystem crossover (ISC) is a radiation-based transition in which the 

absorbed energy moves through an electronic transition with numerous spin states. 

Fluorescence has a shorter lifetime than phosphorescence, which is commonly measured in 

the range of 10-4 to 10-2 s. As a result, phosphorescence happens less frequently than 

fluorescence because the triplet state of the molecule increases the likelihood of intersystem 

crossing to a lower energy state before phosphorescence. 

3.3.5.3 Working Principle 

The material's electrons can move into allowed excited states when light is focused on it. The 

excess energy is released when these electrons reach their equilibrium states, which may or 

may not result in the emission of light (a radiative process) (a non-radiative process). The 

difference in energy levels between the two electron states involved in the transition from the 

excited state to the equilibrium state (photoluminescence) determines the energy of the light 



87 
 

that is produced. The proportionate contribution of the radiative process determines how 

much light is released. The emitted light often has less energy since it has a longer 

wavelength than the radiation that was absorbed. One electron can absorb two photons when 

the electromagnetic radiation being absorbed is strong enough, which causes an emission of 

light with a shorter wavelength than the electromagnetic energy being absorbed. Resonance 

fluorescence happens when the emitted radiation has the same wavelength as the absorbed 

light. When radiation in the ultraviolet region of the spectrum—which is invisible to the 

human eye is absorbed and released as visible light, photoluminescence takes place. 

 

 

 

 

 

 

 

Fig. 3.20: Representing the energy level diagrams which mention why structure is seen in the 

absorption as well as emission spectrum and also why the spectra are roughly mirrored 

images of each other 

A fluorophore's (a fluorescent molecule) ground state is S0, and its first (electronically) 

excited state is S1. S1 is a molecule that has multiple ways of relaxing. It is capable of non-

radiative relaxation, in which the excitation energy is converted to heat (vibrations) and 

transferred to the solvent. Organic molecules that have been excited can also relax by going 

from a triplet state to a secondary nonradiative relaxation phase, such as phosphorescence. 
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Interaction with a second molecule via fluorescence quenching can also cause an S1 state to 

relax. Due to its distinct triplet ground state, molecular oxygen (O2) is a very powerful 

fluorescence quencher. 

3.3.5.4 Instrumentation of Photoluminescence 

A spectrofluorometer is a piece of analytical equipment that measures and records a sample's 

fluorescence. The excitation, emission, or both wavelengths may be scanned in order to 

capture the fluorescence. Using additional attachments, the analysis of signal deviation in 

relation to time, temperature, concentration, polarization, or other variables is explored. 

The block diagram of the fluorescence spectrometer is displayed below. Monochromators 

(wavelength selectors), laser sources (sample illumination), detectors, and corrected spectra 

are all components of fluorescence spectrometers. 

 

 

 

 

 

 

Fig. 3.21: Schematic diagram of photoluminescence 

a. Source of Illumination 

The light source is a continuous-type, 150 W, ozone-free xenon arc lamp. A diamond-turned 

elliptical-shaped mirror collects the light from the lamps, which is then directed into the entry 

slit of the excitation monochromators. The excitation monochromator is separated from the 
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lamp housing by a quartz-based window, which allows heat to escape the system and 

provides protection in the event of the lamp's infrequent failure. Spherical aberrations and re-

diffraction are stretched and reduced when the complete spectrum can be resolve. 

b. Monochromators 

Excitation monochromators and emission monochromators are the two categories under 

which monochromators fall. It uses entire reflective optics to keep resolution high throughout 

the whole spectrum while also minimizing spherical aberrations and re-diffraction. 

c. Gratings 

Reflection The primary function of grating in a monochromator is to disperse striking 

(incident) light through vertically oriented grooves. By spinning gratings with 1200 grooves 

per millimetre and blazing them at 330 nm (excitation) and 500 nm (emission), spectra can be 

obtained. MgF2 has been used as a protective coating to the grating to prevent oxidation. 

d. Slits 

Very flexible slits are used at the entrance and exit points of the monochromator. The 

excitation monochromator's slit width determines the incident light's bandpass, whereas the 

emission monochromator's slits govern the fluorescence intensity signal, which is then 

measured by the signal detector. 

The trade-off between signal strength and spectral resolution affects slit width. Because more 

light hits both the sample and the detector when the slit width is larger, the resolution suffers; 

nevertheless, when narrower slits are used, the resolution improves but at the expense of the 

signal. 

e. Shutters 

Under the excitation monochromator's exit slit, an excitation shutter is put in place to shield 

the sample from photobleaching or photodegradation brought on by extended exposure to 
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light. A detector is protected from the bright light by an emission shutter that is placed shortly 

before the emission monochromator enters the system. 

f. Sample compartment 

The sample compartment has a number of additional attachments and fibre optic bundles for 

transferring the excitation beam to the distant sample and returning the emission beam to the 

emission monochromator. 

 

 

 

 

 

Fig. 3.22: Photoluminescence analysis carried out by Horiba Jobin Yvon Fluromax 

g. Detectors 

Signal detectors and reference detectors are the two different categories of detectors. An 

R928P photomultiplier tube serves as the photon counting signal detector and sends the signal 

to a photon counting module. The reference detector's job is to keep an eye on the xenon 

lamp's adjustment for wavelength- and time-dependent output. This detector works by 

increasing the silicon photodiode, which is placed right before the sample chamber, using UV 

light. 

3.3.5.5 Applications 

• Determination of Band gap, 

• Identification of level of Impurity as well as a defect, 
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• Recombination phenomena, and 

• Surface structure and excited states. 

3.3.6. Photocatalytic Measurements 

3.3.6.1. Experimental set-up 

Photocatalytic activity of the as‐synthesized samples was measured at ambient temperature at 

a pH of 7. In order to maintain the temperature of the catalytic reactor system at a constant 

value, a double-walled glass beaker was used with continuous flow of cold water in-between 

the two walls. To measure the photocatalytic activity of the as-prepared samples, 30 mg of the 

catalysts were dispersed in 40 mL of 10-5 mol/L RhB dye solution. The catalyst dispersed 

solution was vigorously stirred for 1 hour under complete dark condition to ensure proper 

adsorption-desorption equilibrium of the dye on the catalyst surface. After this, the system 

was placed under a 400 W high pressure mercury lamp (Phillips-HPL-N G/74/2, MBF-400W, 

200-250V) covering the complete range from 365 to 679 nm which was used as a visible-

light source. A UV cut off filter (λ > 400 nm) was employed to negate the UV emission. 3 mL 

of the reaction solution was withdrawn from the suspension at regular time intervals which 

was immediately centrifuged to remove the catalyst; and the concentration of the RhB dye 

was monitored by using an UV−Vis absorption spectrophotometer. Also, the degradation 

efficiency (η) of the as-synthesized samples can be calculated from Ct/C0 vs. t plot using the 

equation, 

η = (C0 − Ct)/C0 × 100 %           (3.3) 

Where, 

C0 and Ct are the concentrations of RhB at time t = 0 (initial RHB concentration) and t = t 

(final RhB concentration). 
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4.1 Synthesis of orthorhombic hydrated tungsten tri-oxide (O-

WO3.0.33H2O) 

• For the hydrothermal synthesis of orthorhombic hydrated tungsten tri-oxide, Sodium 

Chloride (0.15 g) was added to 25 mL of deionized Water. Then sonicate it was 

sonicated for 5 minutes. 

• Then Sodium tungstate dihydrate (0.4 g) was dissolved in the above sodium chloride 

solution and sonicated for 5 minutes. 

• The above solution is placed on a magnetic stirrer for one and half hour. 

• Then hydrochloric acid was added dropwise by 1000T pipette to the above solution 

until the pH value of the solution becomes 1 and again stirred for 30 minutes. 

• Then transfer the solution to a PTFE chamber, set inside a stainless-steel autoclave 

and installed in the oven. 

• The synthesis conditions were set at 180 ℃ for 3 hours and was let cooling down at 

room temperature inside the oven. 

• The synthesized product was collected and centrifuged at 4500 rpm for 5 minutes 

with deionized water and ethanol until its pH becomes 7. 

• The resultant powder was finally dried overnight in oven at 60 ℃ [1]. 

4.2 Synthesis of tungsten tri-oxide nanoparticles (WO3) 

• In the preparation of tungsten tri-oxide nanoparticles tungsten hexachloride was used 

as a precursor. 

• The reaction took place by dissolving 0.05 M of tungsten hexachloride and 0.05 M of 

urea in 40 mL ethanol solution. 

• The solution was stirred until it was converted to dark blue in colour. 
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• Then the solution was transferred to a PTFE chamber, set inside a stainless-steel 

autoclave and installed in the oven. 

• The synthesis conditions were set at 180 ℃ for 12 hours and was let cooling down at 

room temperature inside the oven. 

• The resultant powder was washed and rinsed several times to remove the untreated 

species. 

• Finally, the synthesized product was dried in an oven at 60 ℃ overnight and collected. 

• The obtained product was annealed at 500 ℃ for 3 hours to obtain pristine tungsten 

tri-oxide nanoparticles. [2,3,4] 

4.3 Synthesis of graphitic carbon nitride (g-C3N4) 

The bulk g-C3N4 was synthesized by thermal treatment of urea in a muffle furnace at 600 ᵒC 

in air for 4 hours at 5 ᵒC/min heating rate. The light yellow coloured sample was obtained. 

After that for exfoliation following stapes were followed: 

• Acetone was poured in a round bottom flask and synthesized g-C3N4 was added in the 

round bottom flask. 

• The above solution was sonicated for 16 hours for proper exfoliation of graphitic 

carbon nitride. 

• Then the above product was filtered with deionized water several times. 

• Whitish yellow precipitate was collected. 

• Then it was dried at 60 ℃ over night to obtain the product. 

4.4 Synthesis of WO3/g-C3N4 (Before annealing) and WO3/g-C3N4 (After 

annealing) 

• The reaction took place by dissolving 0.05 M of tungsten hexachloride and 0.05 M of 

urea in 40 mL ethanol solution. 
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• The solution was stirred until it was converted to dark blue in colour. 

Then 200 mg of g-C3N4 was added to the above solution and stirred for 5 hours. 

• Then the solution was transferred to a PTFE chamber, set inside a stainless-steel 

autoclave and installed in the oven. 

• The synthesis conditions were set at 180 ℃ for 12 hours and was let cooling down at 

room temperature inside the oven. 

• The resultant powder was washed and rinsed several times with deionized water and 

ethanol to remove the untreated species. 

• Finally, the synthesized product was dried in an oven at 60 ℃ overnight and collected 

as (WO3/g-C3N4 (Before annealing)) 

• Some portion of the product was not annealed and some portion was annealed at 

500℃ for three hours to obtain WO3/g-C3N4 (Annealed). 

4.5 Synthesis of WO3/Exfoliated g-C3N4 (Before annealing) and 

WO3/Exfoliated g-C3N4 (After annealing) 

• The reaction took place by dissolving 0.05 M of tungsten hexachloride and 0.05 M of 

urea in 40 mL ethanol solution.  

• The solution was stirred until it was converted to dark blue in colour. 

• Then 200 mg of Exfoliated g-C3N4 [5] was added to the above solution and stirred for 

5 hours. 

• Then the solution was transferred to a PTFE chamber, set inside a stainless-steel 

autoclave and installed in the oven. 

• The synthesis conditions were set at 180 ℃ for 12 hours and was let cooling down at 

room temperature inside the oven. 
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• The resultant powder was washed and rinsed several times with deionized water and 

ethanol to remove the untreated species. 

• Finally, the synthesized product was dried in an oven at 60 ℃ overnight and collected 

as (WO3/Exfoliated g-C3N4 (Before annealing)) 

• Some portion of the product was not annealed and some portion was annealed at 

500 ℃ for three hours to obtain WO3/Exfoliated g-C3N4 (Annealed). 
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5.1 Structural Analysis 

5.1.1 Powder X-ray Diffraction (PXRD) 

The as prepared samples were subjected to PXRD (Powder X-ray Diffraction). The powder 

X-ray diffraction was recorded from D8 Bruker advanced X-ray diffractometer with a 

radiation source of Cu Kα (λ = 1.54 angstrom) and at a scanning rate of 5 degree/minute for 

proper identification of the sample. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.1: The PXRD pattern of all synthesized sample 

Fig. 5.1 displays the PXRD pattern of g-C3N4, WO3 nanoparticles and various 

nanocomposites of WO3/g-C3N4. Pure g-C3N4 had two characteristic diffraction peaks at 13.0 

and 27.7 ° corresponding to (100) and (002) planes which was attributed to the interlayer tri-

s-triazine structural packing and the interplanar stacking of conjugated aromatic systems, 
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respectively [1-4]. An annealing at 500 ℃ for 3 hours was used to obtain the desired PXRD 

pattern of WO3. Has major peaks at 23.08, 23.56, 24.35, 26.54, 28.70, 34.13, 41.6, 49.90 and 

55.8 ° and consequently the corresponding planes are (002), (020), (200), (120), (112), (220), 

(222), (232) and (402) which ensure the formation of monoclinic phase of WO3 nanoparticles 

and they well matched with the JCPDS card no 89-4476. Most of the major peaks are sharp, 

which represents the high crystallinity of WO3 nanoparticles [5-6]. Moreover, it could be 

noticed that the various PXRD patterns of WO3/g-C3N4 (annealed) nanocomposites and 

WO3/exfoliated g-C3N4 (annealed) nanocomposite were composed of diffraction peaks WO3 

nanoparticles and g-C3N4. It could be further noticed from the PXRD pattern that the 

intensity of WO3 peaks in the synthesized composites decreases and also the graphitic carbon 

nitride peak arises in the PXRD pattern of the nanocomposites. 

5.2 Compositional Analysis 

5.2.1 Fourier transform infrared spectroscopy (FTIR) analysis 

In order to gain a better understanding of how bonds are formed, FTIR spectroscopy of 

synthesized samples was conducted (Shimadzu FTIR-8400S). FTIR spectra of g-C3N4, WO3, 

WO3/g-C3N4 (annealed) and WO3/g-C3N4 (before annealing) are presented in Fig. 5.2(a) and 

the spectra of exfoliated g-C3N4, WO3, WO3/exfoliated g-C3N4 (annealed) and 

WO3/Exfoliated g-C3N4 (before annealing) are presented in Fig. 5.2(b). From both the 

spectra, that can observe for the pure g-C3N4 and exfoliated g-C3N4 the bands are in the 

region ranging from 1206 to 1639 cm-1 corresponds to C-N stretching vibration modes of 

heterocycles [7]. The peak appearing at 810 cm-1 was attributed to the stretching peaks of s-

triazine units [8]. The broad absorption peaks at <1000 cm-1 indicated the presence of pure 

WO3. The peaks at 824 and 774 cm-1 are assigned to the stretching vibration modes of O-W-

O bonds [9]. The composites were composed of peaks of both g-C3N4 and WO3 nanoparticles 

which generally signifies that both the materials are present in the composite. Furthermore, it 
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can see a slight shift in in g-C3N4 peak at 810 cm-1 in the nanocomposite that signifies strong 

interaction between WO3 nanoparticles and s-triazine units of g-C3N4. 

 

 

 

 

 

Fig. 5.2: The FTIR spectra of all synthesized sample 

It could also be noticed that there is a faint decrease in peak appearing at 810 cm-1 in the 

nanocomposites as compared to pure and exfoliated g-C3N4 which might be due to the 

presence of WO3 nanoparticles over the exfoliated graphitic carbon nitride layers. 

5.3 Optical Analysis 

5.3.1 UV-VIS DRS Analysis 

In diffuse reflectance spectroscopy the plot is between reflectance (%) and wavelength (nm) 

in Fig. 5.3(a) the DRS analysis of WO3 and O-WO3.0.33H2O is shown from which can infer 

that there is a fall in the reflectance spectra occurring at 481 and 453 nm respectively. The 

indirect band gap of the as synthesized samples, have been calculated from diffuse 

reflectance spectra by employing Kubelka-Munk method and the corresponding plots of 

Kubelka-Munk function vs. the photonic energy. The indirect band gap of WO3 and O-

WO3.0.33H2O was calculated as 2.56 and 3.08 eV respectively displayed in Fig. 5.3(d). From 

Fig. 5.3(b) can infer the fall of the reflectance spectra of WO3/g-C3N4 (annealed) and WO3/g-

C3N4 (before annealing) which are at 469 and 443 nm respectively. The indirect band gap of 
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the nanocomposite after and before annealing was calculated from the plot of Kubelka-Munk 

function vs. photonic energy which comes out to be 2.35 and 2.53 eV respectively presented 

in Fig. 5.3(e).  

 

 

 

 

 

 

 

 

Fig. 5.3: The diffuse reflectance spectra of all synthesized sample (a-c) and inset: Kubelka-

Munk plots for calculation of indirect band gaps 

Similarly from Fig. 5.3(c) it can observe the fall of reflectance spectra of the tungsten trioxide 

nanocomposite wrapped with exfoliated graphitic carbon nitride after and before annealing is 

at 473 and 450 nm respectively and the indirect band gap of the synthesized samples was 

calculated from the plot of Kubelka-Munk function vs. photonic energy which comes out to 

be 2.44 and 2.55 eV respectively demonstrated in Fig. 5.3(f). Thus, pristine tungsten trioxide 

and its nanocomposite have band gap which are in accordance with the visible range. 

5.3.2 Photoluminescence (PL) Analysis 

The PL analysis (Photoluminescence) spectra were employed to further investigate the 

transport and the separation of the photogenerated carriers. Fig. 5.4(a), 5.4(b) and 5.4(c) 



102 
 

shows the PL spectra of tungsten trioxide and its nanocomposites formed with bulk and 

exfoliated graphitic carbon nitride before and after annealing. From Fig. 5.4(a) we can notice 

that the intensity emission peaks of tungsten trioxide, tungsten trioxide/graphitic carbon 

nitride (before annealing and after annealing) in decreasing order which signifies that the 

recombination rate of photogenerated electron-hole pairs is faster in case of tungsten trioxide 

but the recombination of electron-hole pairs is blocked effectively in case of the 

nanocomposite which leads to the enhancement of its photocatalytic activity. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.4: The photoluminescence emission spectra of all synthesized sample 

From Fig. 5.4(b) can notice the intensity emission peaks of tungsten trioxide, tungsten 

trioxide/exfoliated graphitic carbon nitride (before annealing and after annealing) in 

decreasing order which similarly signifies that the nanocomposites have much slower 
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recombination rate of photogenerated carriers which leads to the enhancement of its 

photocatalytic activity in comparison to that of the pristine tungsten trioxide catalyst. 

From Fig. 5.4(c) the PL emission spectra of tungsten trioxide, tungsten trioxide/graphitic 

carbon nitride (annealed) and tungsten trioxide/exfoliated graphitic carbon nitride (annealed) 

are shown. It can infer from the spectra that the nanocomposite of WO3/exfoliated g-C3N4 

have much slower recombination rate of photogenerated electron-hole pairs that that of 

WO3/g-C3N4 nanocomposite which is justified by the intensity of the emission peak of the PL 

spectra thus WO3/exfoliated g-C3N4 have enhanced photocatalytic activity as compared to 

that of the tungsten trioxide nanocomposite formed with bulk graphitic carbon nitride.  

5.4 Morphological Analysis  

5.4.1 Field Emission Scanning Electron Microscopy (FESEM) 

The morphology of the all samples is evident from the field emission scanning electron 

microscopy (FESEM) in Fig. 5.5 respectively. All samples exhibited two-dimensional 

morphology. The nature of the all samples was nanoparticle like morphology. The pure WO3 

and ortho WO3.0.33H2O hydrothermal synthesized samples were displayed in Fig. 5.5(a-b). 

The ortho WO3 sample presented flower like morphology that assembled by self WO3 sheets. 

The WO3 nanoparticle uniformly distributed on the GCN sheets on the annealed or non-

annealed samples, and it’s demonstrated in the Fig. 5.5 (c-f). The FESEM images of GCN(X) 

in Fig. 5.5(g), was a bulk sheet-like structure remain stacked in clusters. As exfoliated 

GCN(Y) breaks down these bulk clusters through exfoliation, smaller sheets are formed as a 

result, which was displayed in Fig. 5.5(h). 
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Fig. 5.5: (a)W1-WO3, (b) W2-Ortho WO3.0.33H2O, (c) W5-WO3/GCN (annealed), (d) W7-

WO3/GCN (before annealing), (e) W8-WO3/exfoliated GCN (annealed), (f) W9-

WO3/exfoliated GCN (before annealing), (g) X-GCN, (h) Y-Exfoliated GCN. 
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5.5 Photocatalytic Activity 

By observing the degradation activity of a 10-5 M concentration of an aqueous solution of the 

organic textile dye Rhodamine B (RhB) under ambient conditions, in the presence of visible 

light irradiation, and at a neutral pH value (pH 7). It was possible to record the photocatalytic 

dye degradation property of the synthesized samples. The as-synthesized 

samples were subjected to a photocatalytic testing technique in a specially designed double-

walled glass beaker with continuous water flow in between the two walls. In this system, 40 

mL of an aqueous dye (RhB) solution contained 30 mg of the catalyst in its prepared form. 

The adsorption-desorption equilibrium condition was then achieved by constantly 

dark stirring the appropriate dye solution for 1 hour. After that, the entire setup was moved 

beneath an Hg lamp with a UV cut-off filter acting as a visible light source. 4 mL of the 

aqueous solution was collected at certain intervals of time and immediately centrifuged to 

separate the catalyst material from the dye solution. The dye solution's absorbance spectra 

were then assessed using a UV-Vis spectrophotometer [10]. 

 

 

 

 

 

 

 

Fig. 5.6: Absorbance spectra of (a) O-WO3.0.33H2O, (b) WO3, (c) WO3/GCN (before 

annealing), (d) WO3/GCN (annealed), (e) WO3/exfoliated GCN (before annealing), and (f) 

WO3/exfoliated GCN (annealed) samples 
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5.5.1 Photocatalytic Performance Analysis 

By observing the degradation, the active photocatalytic performances of both pristine 

materials were studied by efficiently degrading RhB dye under visible light irradiation. RhB 

dye absorbance pattern is shown in Fig 5.6(a-b) after catalytic reactions in the synthesized 

samples: O-WO3.0.33H2O, WO3. Pure catalyst materials degrade after about 90 minutes of 

visible light irradiation. The figure 5.6 (c-f) illustrates the optimal absorbance pattern of RhB 

dye following catalytic reactions with WO3/g-C3N4 (before and after annealing) and 

WO3/exfoliated g-C3N4 (before and after annealing). Catalytic materials degrade after 30 

minutes of visible light irradiation. Figs. 5.7(a) and 5.7(c) show the C/C0 vs. irradiation time 

(t) plot, and Fig. 5.7(b) and Fig. 5.7(d) shows the ln(C0/C) vs. irradiation time (t) plot. 

 

 

 

 

 

 

 

 

 

 

Fig. 5.7: The C/C0 vs. irradiation time (t) plots (a,c), and the ln( C0/C ) vs. irradiation time (t) 

plots (b,d) for the pure and composite materials 
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This plot is also known as the 1st-order rate kinetics plot of materials. The linear fitting of the 

plot of ln(C0/C) vs. irradiation time (t) gave the rate constant values from the slope. The 

corresponding bar graph showing the rate constant values for the samples is presented in 

Figs. 5.8(a) and 5.8(c). 

ln(C0/C) = kapp*t                                                             (5.1) 

where, C0 = initial concentration of aqueous Rhodamine B dye,  

C = final concentration of aqueous RhB dye and catalyst solution at time ‘t’,  

kapp = apparent first order kinetics rate constant, and 

t = irritation time. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8: The bar plots of 1st order rate constant (a, c) and the photodegradation efficiency (b, 

d) for the pure and composite materials 
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The photodegradation efficiency can be seen from the bar plot Fig. 5.8(b, d), that the pristine 

WO3 degrade the RhB dye at an efficiency of 85.94 % which is much higher than the 

photodegradation efficiency of ortho-hydrated tungsten trioxide (40.75 %). The 

photodegradation efficiency was calculated by equation: 

η % = 

( η0 − ηt)
−
η0

*100                                                    (5.2) 

where, η % = photodegradation efficiency of the photocatalyst, 

η0 = initial absorbance of aqueous Rhodamine B dye solution, and 

ηt = final absorbance of aqueous RhB dye and catalyst solution at the time ‘t’.  

The photodegradation efficiency of the composite samples can be observed from the bar plot 

in Fig. 5.8(d). The WO3/exfoliated g-C3N4 after annealing sample was displayed the high 

photodegradation efficiency about 89.13 % at 30 minutes under visible light irradiations. 

5.5.2 Proposed Mechanism 

The band gap energy values of g-C3N4 and WO3 are obtained from the calculation of 

Kubelka-Munk function plot as 2.71 and 2.56 eV respectively. From review of the past work 

the electronegativity values of g-C3N4 and WO3 are 4.64 and 6.59 eV respectively [11-12]. 

Therefore, from Mulliken’s electronegativity theory, 

ECB = Xsemiconductor - E
e - 0.5Eg                                                  (5.3) 

Where, ECB = conduction band edge potential, Ee = the energy of free electron of hydrogen 

scale (c.a. 4.5 eV) and Eg = band gap energy of the semiconductor [12]. 

The conduction band potential of g-C3N4 and WO3 can be calculated as -1.22 and 0.81 eV 

respectively. As seen in the formula 
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ECB = EVB-Eg                                                                              (5.4) 

From the valence band potential of g-C3N4 and WO3 can be calculated to be 1.495 and 3.37 

eV respectively. 

 

 

 

 

 

 

 

 

Scheme 5.1: A schematic illustration of typical Z-scheme photocatalysis mechanism of WO3-

gC3N4 materials upon visible light exposure 

On the basic of the experimental results, the possible Z scheme photocatalytic mechanism for 

the WO3/g-C3N4 with enhanced photocatalytic activity has been proposed. Generally, both 

graphitic carbon nitride and tungsten trioxide are excited by irradiation with visible light to 

generate photogenerated electron-hole pairs in the conduction band and valence band of the 

semiconductors. After that the photogenerated electrons from the conduction band of tungsten 

trioxide can quickly recombine with the photogenerated holes from the valence band of 

graphitic carbon nitride because of the narrow distance between the bands. The 

photogenerated electron and holes in the conduction band of g-C3N4 and the valence band of 

WO3 respectively, are left behind which lead to the enhancement of the separation efficiency 
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of electron hole pairs, which in turn increases the photocatalytic activity of the composite 

material, and it was an increased efficiency towards the degradation of RhB dye. 
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6.1 Conclusions 

In conclusion, we were able to successfully synthesize tungsten trioxide, ortho hydrated 

tungsten trioxide, tungsten trioxide/graphitic carbon nitride composite (before and after 

annealing) and tungsten trioxide/exfoliated graphitic carbon nitride composite (before and 

after annealing) by hydrothermal method and the structural and optical analysis were 

efficiently done by sophisticated techniques like PXRD, FTIR, UV-VIS DRS, PL and 

FESEM. The degradation efficiency of the nanocomposites is significantly better than that of 

pristine tungsten trioxide. In addition, the photodegradation efficiency of tungsten 

trioxide/exfoliated graphitic carbon nitride (89.13 %) is higher than that of tungsten 

trioxide/graphitic carbon nitride (78.82 %). The annealed nanocomposites had higher 

photodegradation efficiency than their counterparts which are not annealed. Rhodamine B 

dye, a hazardous organic pollutant, was effectively photodegraded by the nanocomposites in 

a short period of time assisted by visible light irradiation. The increased 

degradation efficiency of the nanocomposite in comparison to the pure tungsten trioxide was 

likewise explained by a feasible mechanism. In this way, the catalyst effectively removes 

hazardous contaminants from the aquatic ecosystem during waste water treatment. 

6.2 Scope for future works 

Future research on nanocomposites made of tungsten trioxide (WO3) and exfoliated graphitic 

carbon nitride (g-C3N4) offers great promise in a number of scientific and technological 

fields. The unique qualities of both components are combined in this hybrid material, 

improving performance and enabling multiple uses. WO3/g-C3N4 nanocomposites can be 

investigated as effective catalysts for electrochemical reactions, such as oxygen reduction and 

evolution reactions in fuel cells and metal-air batteries, in the field of energy storage and 

conversion. The interaction between WO3 and g-C3N4 can enhance the stability and kinetics 

of reactions, hence improving the overall performance of energy devices. Photocatalysis and 



114 
 

environmental remediation are two more potential applications. Since WO3 and g-C3N4 have 

similar qualities, such as high surface area, tunable bandgaps, and potent light absorption, 

they are good prospects for effective contaminant degradation, water splitting, and solar fuel 

production. To increase catalytic efficiency and stability, future study can concentrate on 

tailoring the nanocomposite's composition, structure, and fabrication processes. Additionally, 

WO3/g-C3N4 nanocomposites have promising applications in optoelectronics, electronics, and 

sensors. Gas sensors, photodetectors, and solar cells can all benefit from the addition of 

exfoliated g-C3N4 to WO3 matrices since it improves the electrical conductivity, charge 

carrier mobility, and light absorption characteristics. The research on WO3/exfoliated g-C3N4 

nanocomposites in the future needs to focus on sophisticated synthesis methods, in-depth 

characterisation, and systematic studies on their performance in diverse applications. 

Researchers can create unique functional nanocomposites with increased efficiency and 

enhance energy, environmental, and electronic technologies by taking advantage of the 

synergistic properties of these materials. 

 

 

 

 

 

 

 

 


