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Introduction 

1.1 History and background 

Nature has created various materials by combining inorganic and organic components viz. Crustaceans 

carapace, mollusc shell, bone, and tissue [1, 2]. The idea of improving the properties of materials 

through the addition of reinforcement posing extremely high mechanical, thermal and physical 

properties is not recent, this has been common practice since civilization started and people have been 

preparing more efficient materials for their specific purpose [1, 2, 4]. The concerted efforts in this 

direction resulted in developments such as organic and inorganic-based high-performance fibre as well 

as matrix systems [3]. 

Environmental pollutants are one of the predominant issues of the latest times. Pollution levels are 

increasing year after year, causing catastrophic and irreversible damage to the planet from the ground up 
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[4]. Large quantities of dangerous dyes/pigments, toxic chemicals, and heavy metals originate from 

colour manufacturers, textile industries, pulp, and paper business, coating, leather industries, radiators 

fabricating, smelting, alloy industries, and capacity batteries business, etc. [7-9].  

Many major environmental issues have recently sparked widespread concern on a global basis. 

Water, the most vital natural resource, is one of them. Water contamination is steadily increasing, 

attributable to an aggregate of a developing populace and the speedy upward thrust of businesses that 

generate hazardous poisonous substances. As a result, the water disaster has emerged as one of the most 

urgent social, political, and monetary troubles of our time. 

Water is an important natural resource that we utilize for drinking and other purposes. Most living 

cells' protoplasm is made up of about 80% water [10]. In terms of freshwater, we use about 3%. Three-

fourths of the 3% fresh water is unavailable because it is in ice caps and other glaciers. Water that can be 

ingested makes up just 0.02 % of all accessible water on the planet, and it may be found in rivers, lakes, 

and streams, as well as groundwater [11]. Since the dawn of the "chemical age," water quality has 

worsened dramatically due to industrial and agricultural pollution. Toxic organic pollutants (dyes, 

pesticides, etc.) are present at parts per billion (ppb) concentrations [12]. Water pollutants because of 

organic contaminants, inorganic pollutants, biological waste/pollutants, etc. have turned out to be the 

finest environmental demanding situation of the twenty-first century [13,14]. Eutrophication of surface 

waters and nitrification of groundwater from human and agricultural waste have appreciably affected 

massive portions of drinkable water. Groundwater percentage of fluoride is abnormally excessive in 

many districts, as per the researcher's report. Around 2 billion human beings internationally now no 

longer must get the right of entry to secure consuming water, and millions of human beings die every 12 

months due to illnesses unfolding through contaminated water. The elimination of pollutants from water 

is a fundamental necessity for our global society's disease-free health [15]. 

Nowadays, many nations are going through demanding situations in assembling the growing call for 

safe and drinkable water. Considering population increase and economic development, India has a major 

challenge of natural resource shortage, particularly water. The death rate from water-related diseases in 

India is over 80%. More humans in India's rural regions need to get to secure and safe consuming water 

than in some other countries. If current consumption rates continue, Water scarcity would affect two-

thirds of the world's population by 2025. [15, 16, 17, 18, 19]. 

Chlorination, ozonation, UV, boiling, ultrasonic irradiation at a low frequency, filtering, solid block, 

distillation, water softener with ion exchange, activated carbon, reverse osmosis, and other technologies 

are utilized in water treatment these days. A lot of research is needed to develop new photocatalyst 

active content, as the current process is very inefficient to be applied at the industrial level. Besides, an 

understanding of the fundamental processes that occur during photocatalytic reactions is also required.  

Renz published the first paper on titania photocatalysis in 1921 [20]. Later experiment on the 

photodegradation of organic colours using TiO2 powder was conducted by Goodeve and Kitchener in 

1938 [21]. Photocatalytic degradation of hazardous chemicals and colourants has been widely employed 
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using ZnO, TiO2, WO3, VO4, MoO4, and other metal oxide nanoparticles [22, 23]. Due to the spatial 

confinement and proximity of the substrate, the metal oxide structure at the nanometric scale exhibits 

distinct chemical and physical characteristics in contrast to bulk substance. 

New multifunctional and multiphase nanocomposite materials have been designed and developed in 

the contemporary nanotechnology era. In the matrix of nanocomposite materials, at least one of the 

constituent phases should have a nanoscale. Nanocomposites can be made from a metal oxide matrix 

with metal oxide nanoparticles, nanowires, graphene, and other fillers. Photoelectric devices, sensors, 

nanodevices, microwave devices, magnetic pigments semiconductors, electrodes, memory components 

in computers, photocatalysts, wastewater treatment devices, antimicrobials, and biological materials are 

just a few of the uses for nanocomposites [5, 6, 13-15, 24]. 

The photocatalytic activity varies with the morphology, particle size, and composition of metal 

oxide. Thus, metal oxide nanocomposites are preferred in the photocatalytic treatment of colourants. 

Hydrothermal, electrospinning, sol-gel and co-precipitation methods, in-situ methods, and other methods 

have been used to make metal oxide nanocomposites [5,6,12,13,20-24]. When Methylene blue is 

exposed to light, manganese-doped ZnO bleaches considerably faster than undoped ZnO [25]. For the 

breakdown of methyl orange, nickel/zinc-doped aluminogallate spinels nanocomposites are used as 

catalysts [26]. NiO:V2O5 composite nanomaterials were used to successfully eliminate methyl orange 

dye from wastewater [27]. When compared to binary nanocomposites, the ternary nanocomposite 

exhibits a higher degradation efficiency and better electron–hole separation efficiency [28]. The type of 

metal oxide employed in the chemical composition, the technique of manufacture, the sintering 

temperature, the nature of the additives, and their distribution are all factors that influence the usable 

qualities of nanocomposites [22-24]. Thus, many researchers are using metal oxide to prepare 

nanocomposites to enhance the photocatalytic properties and treatment of wastewater etc. 

As a result, future study could focus on producing novel metal oxide nanocomposites for 

photocatalytic degradation of colourants, hazardous chemicals, and contaminated water clean-up. Our 

research aims to synthesize, analyze, and investigate photocatalytic characteristics of metal oxide 

nanocomposites consequently. 

Almost the whole of modern chemical industries depend on the development, selection, and 

applications of nanocomposites for photocatalytic applications and wastewater treatment. The 

contribution and exigent applications of nanocomposites are imposed across a broad range of 

environmental challenges and daily needs to achieve harmony between activities and environmental 

applications. The major goal of our research is to develop a better photocatalyst for dye degradation in 

wastewater treatment [1, 2, 11, 12, 24]. 

1. 2 Pollutants in the Water 

Chemical pollutants, radioactive pollutants, biological pollutants, and physical pollutants are the four 

types of contaminants found in water. Organic contaminants have been discovered in a variety of water 

sources. Phenols, hydrocarbons, plasticizers, biphenyls, cleansers, Pesticides, manures, oils, lubricants, 
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pharmaceuticals, and a variety of synthetic chemicals are a few examples [30]. The dyes are organic 

substances that are soluble in water, notably reactive, direct, basic, and acidic ones. They are difficult to 

remove using typical treatments due to their high solubility in water. Water is contaminated by the dyes, 

which are employed as colouring agents in the textile industry. Mauveine was the first synthetic dye ever 

created. In 1856, while attempting to synthesize quinine, William Perkin created it by mistake. When an 

acid dye is dissolved in water, it ionises into coloured anions and colourless sodium ions. CI Acid Red 

134, Blues 83, and Blacks 7 are a few examples. Azoic dyes, particularly for cotton, have the azo group 

–N=N- in them. In basic dyes, auxochromes are amino or alkylamino groups. These colours include 

methylene blue, crystal violet, basic fuchsin safranin, and others. Cotton-wool and cotton-silk mixes are 

frequently dyed with direct dyes such as azo dyes, metallic (chrome and copper) compounds, sodium 

salts, and fixing agents. Salts of chromium, iron, or aluminium that precipitate in situ, often known as 

mordants or chrome dyes, are employed to generate metallic salts or lakes on the fibre instantaneously. 

The easiest and quickest approach to dispose of the useless, chemical-polluted effluent is to 

discharge it into nearby rivers and lakes. During the dyeing process, about 10-15% of dyes are 

discharged into the environment, resulting in a highly coloured and aesthetically unappealing effluent. 

Over 100,000 commercial dyes are available, with over 70000000 tonnes of dyestuff manufactured 

annually around the world. Approximately 10 percent of organic dyes are directly dumped into the 

environment each year, according to statistics. Even in small doses, most of them can cause significant 

illnesses. These effluents must be pre-treated before being emitted to protect human health and the 

environment [31-36]. 

1. 3 Photocatalysis  

The phenomenon of a chemical reaction's rate of change when a catalyst that participates in and absorbs 

light is present is known as photocatalysis. There are two types of photocatalysts: homogeneous and 

heterogeneous. [37]. 

Homogeneous photocatalysts are often found in the same phases as their reagents, which might be 

gaseous or liquid. In heterogeneous systems, photocatalysts are separated from the reactants by a phase 

boundary and exist in a distinct phase. Renz, who reported that titania (TiO2) partially diminished in 

exposure to sunlight when accompanied by glycerol in 1921, is likely the earliest report on 

homogeneous photocatalysts. For example, silica and alumina occur naturally in porous or sponge-like 

forms and have a large surface area.  

Due to certain severe requirements, selecting a suitable semiconducting material for the construction 

of an efficient photocatalytic degradation is crucial. These requirements appear to be mutually exclusive 

in the majority of circumstances. When creating a visible light-sensitive, stable, and environmentally 

friendly photocatalyst, there are three primary requirements to consider. 

A. The visible light absorption capability 

B. Suitable band edge positions 

C. Efficient charge separation and charge transport 
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A) The visible light absorption capability 

Solar energy has been around for nearly 5 billion years, longer than the sun itself. People have been 

harnessing solar energy in various forms for thousands of years, although they have only been existing 

for a short time. The most ecologically benign and abundant renewable energy source available is solar 

energy. Every year, the sun supplies roughly 3×1024 joules of energy to the world, this is higher than the 

total amount of energy consumed on the planet.  

 

Fig. 1.1: The solar radiation spectrum. 

As illustrated in Figure 1.1, UV accounts for 5%, visible for 43%, and near-infrared for 52% [38]. 

Photons are tiny particles that make up solar energy. The wavelength (λ) of each photon determines its 

energy. 

E = hν = hc / λ …………….…. [Equation 1.1] 

Where 

h = Planck's constant, 

ν = frequency 

c = speed of light, 

λ = wavelength 
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Fig. 1.2: Electromagnetic Spectrum. 

Photons, which are massless particles, make up electromagnetic radiation. There is a varied amount of 

energy in each photon. The quantity of energy contained in photons is used to define various types of 

radiation. The energy of different photons is in the following order: 

radio waves photons >microwave photons > infrared photons > visible photons > UV >X-rays> gamma-

rays respectively (Figure 1.2).  

Solar energy for wastewater treatment is a novel topic of research that needs to be explored further. 

B) Suitable band edge positions 

The amount of light that a semiconductor can absorb is determined by its electronic bandgap. When 

semiconductors deteriorate under solar radiation, their conduction band edge should be higher than the 

water's reduction potential. The valence bands are located below the oxidation potential (Eo O2 /H2O = -

1.23 volt) and above the oxidation potential (Eo H+/H2 = 0 volts). According to quantum confinement 

theory, holes in the valence band and electrons in the conduction band are constrained by the potential 

barriers of the quantum box's surface or potential well. Because of electron and hole confinement, the 

band gap energy between the valence and conduction bands rises as particle size decreases [39]. These 

are favourable for electron and hole transfer to oxidise water to oxygen as shown in Figure 1.3. 
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Fig. 1.3: Band position of a semiconductor during spontaneous degradation of dyes. 

C) Efficient charge separation and charge transport 

Photogenerated electron-hole pairs should not recombine for successful charge transport within the 

semiconductor and towards the semiconductor liquid interface. Crystal flaws cause recombination 

centres to form at grain boundaries and shallow donor/acceptor levels. The density of these 

recombination centres can be reduced by increasing the crystallinity of the particles. Either a minority 

carrier diffusion length larger than the particle size or a long carrier lifespan are required for efficient 

charge transmission. This is especially true in the case of indirect bandgap semiconductors. As particle 

size decreases, the chance of charge carriers reaching the surface increases. The absorption coefficient in 

indirect bandgap semiconductors is low due to the necessity of momentum transfer associated with 

electron activation. As a result, for higher carrier intensity, a long diffusion length is required. The 

carriers will be separated due to the inherent electric field if the electron-hole production happens in the 

depletion zone. Furthermore, if the charge carriers are created within a distance equal to the diffusion 

length, they will be able to diffuse to the surface before recombining [41]. 

Another method for enhancing charge transfer and separation is to combine two semiconductors 

with a proper band gap. The band structure design of connected semiconductors is influenced by the 

respective edge positions of the conduction and valence bands for the two semiconductors. Assuming 

that the connected semiconductor system is made up of A and B materials, there are three possible 

techniques to build the heterostructure according to the literature.  As shown in Figure 1.4. 
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Fig. 1.4: Type-I, Type-II, and Type-III heterojunctions in conventional light heterojunction photocatalysts are 

shown schematically. 

• Type I: Semiconductor A's valence band edge is lower, and conduction band edge is higher than 

Semiconductor B's. 

• Type II: Semiconductor A's conduction and valence band edges are lower than Semiconductor 

B's. 

• Type III: Similar to Type II, but with significantly different band edge placements. 

These differences in band edge positions affect the movement of charge carriers (electrons and 

holes) and can be used to enhance charge carrier separation in different ways, depending on the specific 

application. [37, 40, 42]. Further, in advanced oxidation processes, the composition of two or more 

oxide semiconductors can be efficiently utilized as a new strategy [43]. 

Photocatalytic activity has been improved with a lot of effort. To boost oxidant yield, rate-limiting 

parameters must be rearranged. There is still limited knowledge about the mechanisms involved in 

heterogeneous photocatalysis. Photocatalytic efficiency has been found to be influenced by particle size, 

surface area, structure, and photocatalyst composition [44,45]. Photocatalytic activity may be increased 

in two ways, as indicated in the illustration below:  

i. Surface area of catalyst 

ii. Electron Acceptors' Exterior 
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A) The surface area of the catalyst 

The majority of atoms in nanoparticles with large surface areas are located on the surface. Surface area 

is critical for materials with grain and particle sizes smaller than micrometers. Electrical resistivity in 

granular materials, for example, scales with grain boundary area. Given that heterogeneous catalysts' 

chemical activity is linked to surface area per unit volume, large-surface-area nanoparticles can make 

effective catalysts. A heterogeneous catalyst is made up of a high-surface-area material that acts as a 

catalyst support or substrate, and the surface linings of its pores contain a distributed active component, 

such as acid sites or platinum atoms, that starts or speeds up the catalytic activity. Silica (SiO2) oxides, 

gamma-alumina (Al2O3), titania (TiO2 in its tetragonal anatase state), and zirconia are examples of 

substrates (ZrO2). Mixed oxides having a wide surface area, such as silica-alumina, are also commonly 

used [46].  

In semiconductors, dopants change the bandgap by creating a new state below or above the 

conduction band. As a result, the amount of energy required to excite electrons from the valence band to 

the conduction band is lower. To put it another way, doping can boost a semiconductor's sensitivity to 

visible light [47]. 

B) Exterior of Electron Acceptors  

External electron acceptors are another option for increasing photocatalytic activity. Species that adsorb 

on the photocatalyst surface and are reduced by electrons in the conduction band are known as external 

dissolved electron acceptors. The electron-hole recombination rate is lowered when one electron is 

removed from the photocatalyst's conduction band. Several research groups have discovered that adding 

dissolved electron acceptors to photocatalytic systems improves photocatalytic effectiveness [48,49,50]. 

Despite the fact that molecular oxygen and hydrogen peroxide are the most basic electron acceptors in 

solution, a wide range of electrophilic chemicals can operate as electron acceptors in solution. Both 

compounds adsorb fast to the MO surface, allowing the photo-excited conduction band electron to be 

captured. In photocatalysis, molecular oxygen serves two objectives. To begin, the most essential 

electron acceptor is oxygen, which is reduced to O2•- by the process [Reaction 1.1] [51,52]. 

O2 + e-
CB→ O2

0-                 [Reaction 1.1] 

Second, O2 can make peroxyl radicals when it reacts with organic radicals produced by oxidation or 

removing hydrogen from organic compounds. Organic peroxyl radicals may cause additional oxidation 

depending on the nature of the organic molecule. When H2O2 is reduced by one electron, it produces a 

hydroxide ion and an extra hydroxyl radical. Photocatalytic activity will be improved with greater 

efficiency because H2O2 is also a direct generator of hydroxyl radicals.  

H2O2+e -
CB → OH° + OH-       [Reaction 1.2] 
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1.4 Photocatalytic Reaction Mechanism  

In a catalyst, the bandgap energy (Eg) The energy differential between the valence band, which contains 

electrons, and the conduction band, which is empty, is known as the bandgap energy (Eg) in a catalyst. 

The maximum energy level of electrons at absolute zero is known as the Fermi level. Fermi energy is the 

greatest energy level at which an electron can inhabit the valence band at 0 k. The band gap in insulators 

is larger (> 4 eV), whereas semiconductors have a lower bandgap (1> Eg> 4), and the two bands overlap 

in metals as illustrated in Figure 1.5. 

 

Fig. 1.5:  This graphic shows the conduction and valence bands of insulators, metals, and semiconductors. 

Different semiconductors (photocatalysts) can be used to gather solar energy for a variety of purposes, 

including solar panels, water splitting, and pollution removal from water [53]. A positive hole (h+) is left 

in the valence band (VB) when an electron (e-) from the valence band (VB) is promoted to the 

conduction band (CB) by a photon with hv equal to or higher than Eg (Figure 1.6). Both oxidising and 

reducing agents, h+ and e-, are reactive species. The majority of photocatalysts are effective in the near-

UV range (about 390 nm), which makes up around 5% of the solar spectrum. Efforts are now being 

made in the field to improve the efficiency of these processes in the visible range (400 nm > 750 nm) in 

a variety of methods, including doping with transition metal cations and non-metal anions to form band 

gap intermediate states, adding photosensitizers such as another narrow bandgap semiconductor or 

organic chemicals that absorb visible light [54]. 

 

Fig. 1.6: Mechanism of heterogeneous photocatalysts 
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Nanoparticle aggregation, which promotes the production of mesoporous particles, reduces the 

photocatalytic activity of semiconductor photocatalysts [55]. Inside the semiconductor photocatalyst, 

charge recombination and separation/migration are two key competing processes that have a 

considerable impact on photodegradation efficiency [56, 57]. The fundamental ideas of heterogeneous 

photocatalysis are very well documented [58]. A photoexcited electron is promoted from the full valence 

band (VB) to the empty conduction band (CB) when the absorbed photon energy exceeds the band gap 

of the semiconductor photocatalyst, resulting in a photocatalytic process. An electron and hole pair (e– 

h+) is formed as a result. On the surface of the photocatalyst, redox processes can occur. Superoxides 

(O2), hydroperoxyl radicals (HO2), and eventually H2O2 are created unless oxygen (or another electron 

acceptor) is available to scavenge the electrons [56, 59, 60]. 

semiconductor  +  photons (hv) →  e− (CB) + h+ (VB)          [Reaction 1.3] 

H2O + h+   → H+ + OH−               [Reaction 1.4] 

 OH− + h+  → OH∙               [Reaction 1.5] 

 O2  + e−    → O∙
2                  [Reaction 1.6] 

 H2O + O2 + 2e−   → H2O2              [Reaction 1.7] 

H2O2 +  e−→ OH− +  OH∙          [Reaction 1.8] 

OH + O2 + Organic contaminant → H2 + CO2 + other degraded products    [Reaction 1.9] 

1.5 Nanocomposite materials 

A composite is a multiphase material with a considerable share of the characteristics of all component 

phases, resulting in a superior combination of attributes. By intelligently integrating two or more 

separate elements, improved property combinations can be formed, according to the concept of 

combined action. A nanocomposite is a mixture or matrix in which several materials interact to develop 

new material qualities, with one of the components measuring between 1 and 100 nm in size. 

Nanocomposite materials have emerged as viable alternatives to micro composites and monolithic 

materials, However, at the nanocluster phase, they have their own set of challenges in terms of elemental 

composition and stoichiometry controlling. Scientists have been paying close attention to nanocomposite 

materials in recent years because of their benefits over single metal nanoparticles. Metals, ceramics, and 

polymers are examples of materials that may be used to make nanocomposites. Nanocomposites have 

been dubbed "materials of the twenty-first century" because of their outstanding design distinctiveness 

and property combinations not seen in traditional composites [61, 62]. 

The synthesis and uses of metal oxide nanoparticles are covered in this unit. Explains the 

fundamental aspects that influence the formation and behaviour of these systems, reviews synthetic 

techniques employing bottom-up and top-down manufacturing technologies and discusses current 

understanding about major metal oxide materials with vital technological applications. 
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Metal oxide nanoparticles have been synthesised using a variety of methods during the last few 

decades. In the realm of material science, nanoparticles are quite prevalent because of unanticipated 

differences in surface properties brought on by particle size. The improvement in particle size 

distribution and shape that results from particle size reduction to the nanoscale. Many approaches for the 

synthesis of metal oxide nanoparticles have been established to date. They are divided into two 

categories: "top-down" techniques and "bottom-up" approaches, as shown in Figure 1.7 [63]. 

 

Fig. 1.7:  Illustration of top-down and the bottom-up approaches 

There are several ways of producing metal nanoparticles, but they can be broadly divided into top-

down and bottom-up approaches. Top-down methods that break down bulk materials into smaller 

particles include lithography, milling, and repeated quenching. However, these approaches have 

numerous practical drawbacks and can lead to inadequate control over particle size and structure. such as 

the difficulty in locating techniques for carving out ever-smaller structures. More critically, bulk crystal 

homogeneity on nanoscale length scales is not particularly great, making structure quality difficult to 

manage [64,65]. The bottom-up strategy, which entails creating a substance from the ground up, atom by 

atom, molecule by molecule, and cluster by cluster, is the one that scientists most frequently apply in the 

synthesis of nanoparticles.  
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Bottom-Up Approach 

i. Utilizes chemical properties to self-assemble atoms into larger structures. 

ii. Involves controlled crystallization from vapor or liquid sources. 

iii. Results in homogeneous, well-organized nanostructures. 

Common Bottom-Up Methods 

i. Chemical synthesis 

ii. Chemical vapor deposition 

iii. Laser-induced assembly 

iv. Self-assembly 

v. Colloidal aggregation 

vi. Film deposition 

vii. Growth 

Advantages 

a) Potential for Smaller Particles: 

− Enables the creation of nanoparticles with unique properties 

− Allows for increased surface area and reactivity 

− Can lead to improved performance in applications such as catalysis and sensing 

b) More Cost-Effective: 

− Reduces material waste and energy consumption 

− Enables the use of less expensive materials and precursors 

− Can lead to lower production costs and increased profitability 

c) Flawless Precision: 

− Enables the creation of nanostructures with precise control over size, shape, and 

composition 

− Allows for the fabrication of complex nanostructures with high accuracy 

− Can lead to improved performance and reliability in applications such as electronics and 

photonics 

d) Process Control: 

− Enables real-time monitoring and control of the synthesis process 

− Allows for precise control over temperature, pressure, and other process parameters 

− Can lead to improved reproducibility and yield of high-quality nanostructures 

e) Less Energy Loss: 

− Reduces energy consumption during the synthesis process 

− Enables the use of more energy-efficient equipment and techniques 

− Can lead to reduced environmental impact and lower operating costs 
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Recent Advancements: 

1. Significant progress in manufacturing nanoparticles, nanorods, and other nanostructures. 

2. Metal oxides can be synthesized using physical and chemical approaches. 

a) Physical methods  

b) Chemical methods  

a) Physical methods  

Physical procedures, such as high-energy treatment of the material, are routinely employed to create 

nanoparticles in the gas or solid phases. Physical techniques include laser ablation, sputtering, high-

energy ball milling, vapour deposition, and electro-deposition. 

b) Chemical methods  

Chemical synthesis methods, in which materials are produced from the ground up, atom by atom, 

molecule by molecule, or cluster by cluster, are the most promising option for leveraging nanoscale 

science and technology. Thermodynamic and kinetic synthesis methods are the two types of synthesis 

procedures. The synthesis process in the thermodynamic approach comprises (i) supersaturation 

formation, (ii) nucleation, and (iii) subsequent growth. The kinetic method to nanoparticle synthesis 

involves limiting the number of precursors available for growth or confining the process to a confined 

area. Nanomaterials with desired shapes, morphologies, and sizes, such as nanorods, nanofibers, 

nanowires, nanotubes, nanoplates, nanoflakes, spherical, cubical, and elliptical nanoparticles, and 

nanocomposites with novel and technologically significant properties, have been developed using 

chemical methods. Three chemical techniques can be used to prepare nanocomposite nanomaterials: 

chemical precipitation, reflux, and hydrothermal procedures. The following are brief descriptions of the 

hydrothermal techniques, co-precipitation, and sol-gel method, for metal oxide nanomaterial synthesis.  

i. Hydrothermal method  

Chemical reactions with solvents heated to critical temperatures take place in sealed vessels in the 

hydrothermal/solvothermal process. By adjusting temperature, pH, concentrations, and additives, this 

technique permits crystallization from solutions, enabling regulated particle size and morphology. 

One kind of this process, hydrothermal synthesis, usually takes place below 300°C and yields pure, 

crystalline oxide powders with a limited size distribution. By hydrolyzing hydrated metal ions, this 

technique creates metal oxide nanoparticles. 

The size and morphological control obtained by varying the process factors is based on the general 

nucleation and growth rates, which depend on supersaturation. Even though the presence of several 

species makes it difficult to determine the precise reaction equilibria, a number of thermodynamic 

models have been created to compute the solubility of the species that exist in 

hydrothermal/solvothermal systems, particularly in aqueous solutions. Since the maximal value of the 
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ionic product of water (Kw) is approximately 250–300 °C, hydrothermal synthesis is typically 

conducted below 300 °C. It is also known that pure, crystalline oxide powders with a limited size range 

can be produced using hydrothermal powders. Metal oxide nanoparticles are created when hydrated 

metal ions are hydrolyzed to metal hydroxide [68, 69]. When metal hydroxides are dehydrated, they 

precipitate as metal oxides. 

 The electrostatic reaction between metal ions and hydroxyl ions is known as hydrolysis. Simple oxides, 

such as Fe2O3 [70,71], ZnO [72], CuO [73], CdO [74] etc., have been made and reported in detail 

utilising the hydrothermal process. 

Hydrothermal/Solvothermal Process: 

1. Chemical reactions in sealed vessels with solvents heated to critical points. 

2. Crystallization from solutions involves nucleation and growth. 

3. Processing variables (temperature, pH, concentrations, additives) control particle size and 

morphology. 

Hydrothermal Synthesis: 

1. Typically conducted below 300 °C due to water's ionic product (Kw) maximum. 

2. Produces pure, crystalline oxide powders with narrow size distribution. 

3. Hydrolysis of hydrated metal ions produces metal oxide nanoparticles. 

ii. Co-Precipitation method  

Metal oxide nanoparticles, mixed metal nanocomposites, and metal-ceramic nanocomposites are all 

made using the co-precipitation method, which produces precipitate that can be removed from the 

solution. Inorganic salts are used as precursors, dissolved in water or other solvents in order to produce a 

uniform ion solution. These salts then start to precipitate as hydroxides or oxalates, followed by the 

nucleation and growth phases, after the species' critical concentration is reached. Temperature, salt 

concentration in the solution, and pH all have an impact on particle size and form. The hydroxide is 

filtered and cleaned after precipitation, and then it is calcined to create oxides with a distinctive 

crystalline structure. Using this method, several metal nanocomposites (metal–metal oxide, oxide–oxide, 

and oxide–matrix) were produced. NaOH, NH3 or NH4OH, Na2CO3, and other precipitating media are 

often used. Surfactants are also often employed to prevent agglomeration, which has an impact on the 

particle size of composites made this way. The technique has a benefit over other methods of synthesis 

[75,76,77]. 

Particles develop in supersaturated liquids by homogeneous or heterogeneous nucleation. Particle 

growth is usually accomplished through diffusion or Ostwald ripening, and the temperature has a 

significant impact on the rate of growth. Reaction kinetics are used to manage the particle size and 

particle size distribution, crystallinity, and shape of nanomaterials. The concentration, temperature, pH 

of the solution, order of adding the reactants, and mixing procedures are all significant aspects of the 

precipitation method [78]. Precipitation was used to make hexagonal zinc oxide (ZnO) nanoparticles 
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utilising zinc nitrate as a precursor and NaOH starch as a stabilising agent [79]. Maghemite (γ-Fe2O3) is 

made from mixed salt solutions including Fe(II) and Fe(III) salts using a one-step co-precipitation 

technique [80]. Using an alkaline agent and the alkanolamines isopropanolamine and diisopropylamine, 

superparamagnetic ferrite nanoparticles (MFe2O4, where M = Fe, Co, Mn) were produced in a one-step 

aqueous co-precipitation approach [81].  

iii. Sol-gel method 

Metal precursors or alkoxides in solution undergo heat breakdown, hydrolysis, and condensation. The 

end outcome is the creation of a sol, or stable solution. Hydrolysis or condensation causes an increase in 

the gel's viscosity. The particle size can be observed through the manipulation of temperature, pH, and 

precursor concentration. The removal of the solvent, Ostwald ripening, and phase transition may take a 

few days, but this mature process is required to encourage the formation of solid mass. Chemical 

reagents that are unstable are separated to form nanoparticles. 

The sol-gel process has garnered attention as a promising technique for the synthesis of 

nanomaterials because of its mild reaction conditions and capacity to create materials from molecular 

precursors. Films or colloidal powder are the results of the sol-gel process. Both micro and 

nanostructures can be produced using the sol-gel technique. The size, shape, and structure of the finished 

product are significantly influenced by the reaction conditions. The process includes a simple hydrolysis 

and condensation-based wet chemical reaction that produces sol, which matures to form an integrated 

network as a gel [82–84]. Because the sol–gel method's slow reaction kinetics enable efficient structural 

engineering of the finished product, it is also attractive for the synthesis of multicomponent 

nanostructures.  

The ability to conduct the reactions at room temperature or at low temperatures is an additional 

advantage. A three-dimensional molecular network is created by the sol–gel process using inorganic 

precursors that undergo a number of chemical reactions. One of the most common methods is to 

hydrolyze and condense metal alkoxides to produce larger metal oxide molecules that then polymerize to 

form the covering. Other coating techniques cannot coat surfaces with complex shapes at the nanoscale 

to micrometer scale, but the sol-gel process makes this possible. Substrates include organic and 

inorganic crystals, colloidal particles, fibers, and even nanotubes [56, 85].  

1.6 Metal oxides 

Metal oxides consist of metal cations and oxygen anions, with the oxygen anions forming a tightly 

packed structure that creates various interstitial sites. The metal cations occupy these sites, with the 

specific site determined by the ratio of the cation's radius to the oxygen anion's radius. This arrangement 

allows the metal cations and oxygen anions to be in close proximity while maximizing the cation's 

coordination number. The surface composition and structure of metal oxides play a crucial role in 

determining their catalytic properties, as reactions occur on the surface of the catalyst. [61, 86]. 
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Since the ionic radius of metal cations is usually smaller than that of O anions, MO structures can be 

explained by a model of tightly packed O anions forming different types of interstitial sites, such as 

triangular, tetrahedral, octahedral, and cubic interstitial sites, and metal cations occupying the interstitial 

sites formed by the tightly packed O anions. In order to maximize the coordination number of metal 

cations and maintain close proximity to O anions, the radius ratio of the metal cation to the O anion 

determines the type of vacancy that the metal cation occupies. The positive charge of metal cations 

determines the occupying percentage of vacancies in order to reach the neutral charge of metal oxides. 

The surface composition and structure of metal oxides greatly influence their catalytic properties since 

catalytic reactions always occur on catalyst surfaces.  

Metal Oxide Structure: 

1. Composed of metal cations and O anions. 

2. O anions form tightly packed structures with interstitial sites. 

3. Metal cations occupy interstitial sites, determined by radius ratio. 

A) Hematite (α-Fe2O3) 

It is one of the important minerals of iron oxides and crystallises in the rhombohedral lattice system 

(Figure 1.8).  

 

Fig. 1.8: Crystal structure of hematite showing brown colour sphere Fe3+ and grey colour sphere O2-. 

Hematite (α-Fe2O3) is a crystallographic phase of iron (III) oxide that is thermodynamically stable. 

It's widespread in the earth's crust, cheap to produce, and non-toxic. It's utilised as a red pigment, an 

anti-corrosion agent, and in electrochromic devices in the industry [87-88]. It's a semiconducting 

material with a 2.0 eV bandgap and a negative temperature coefficient of resistance [89].  
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B) Zinc oxide, ZnO  

In Figure 1.9, the crystalline phases of ZnO, an n-type semiconductor, are schematically represented as 

hexagonal wurtzite, cubic zinc blende, and rock salt. c/a = 1.6 is the ratio of the two lattice parameters, a 

and c, of the hexagonal unit cell in the wurtzite structure (the optimum value for a hexagonal cell is c/a = 

1.633). ZnO is a good choice for blue-ultraviolet optoelectronics such light-emitting diodes, laser diodes, 

liquid crystal displays, and photodetectors because of its substantial excitation binding energy (60 meV) 

and broad direct band gap (3.37 eV). There is no inversion symmetry in the hexagonal and zinc blende 

ZnO lattices (a crystal does not become itself when it is reflected relative to any point).  

ZnO Crystal Structures 

1. Hexagonal wurtzite 

2. Cubic zinc blende 

3. Rock salt 

ZnO Properties 

1. n-type semiconductor 

2. Large excitation binding energy (60 meV) 

3. Wide direct band gap (3.37 eV) 

4. Suitable for blue-ultraviolet optoelectronics 

 

Fig. 1.9: Schematic representation of a) rock salt b) zinc blende and c) Wurtzite crystal structures of ZnO 

C) Cadmium oxide, CdO  

At room temperature, the inorganic compound cadmium oxide (CdO) crystallizes in the rock-salt phase 

(NaCl-type structure) [Figure 1.10]. In metal oxide semiconductor nanomaterials, cadmium oxide (CdO) 

nanostructures are inexpensive, chemically stable, and frequently nontoxic [92].  

Photocatalysis, gas sensors, transistors, transparent electrodes, and solar cells are just a few of the 

applications for these materials. Medicine delivery, antimicrobial drugs, optics, and environmental 

clean-up are just a few of the uses available. CdO is an n-type semiconductor with 2.5 eV direct and 1.98 

eV indirect band gaps. Because of their unique properties, CdO nanoparticles have exciting 

photocatalytic potential [74, 93, 94]. 
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Fig. 1.10: Schematic representation of CdO 

D) Vanadium oxide, V2O5 

 

Fig. 1.11: Schematic representation of V2O5 

V2O5 is a material with a wide range of properties and technical applications. This diversity is aided by a 

wide range of morphologies and structures, as well as several synthetic processes [see Figure 1.11]. 

Commercial V2O5 does not have electrochromic properties, for example, due to its low electrical 

conductivity, poor colouration efficiency, and restricted colour change. V2O5's band gap may alter over 

time, but it will always fall within the range of semiconductive materials. Many of the material's 

ultimate properties are influenced by this. V2O5 is a possible n-type semiconducting material for 

photocatalytic degradation applications due to its modest bandgap (approximately 2.4–2.8 eV), non-

toxicity, great chemical stability, photo stability, and high visible light absorption [95,96]. 
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E) Copper oxide, CuO 

 

Fig. 1.12: Schematic representation of CuO 

CuO is a material with a wide range of properties and technical applications. CuO, which belongs to the 

transition metal oxide group, is a p-type, narrow bandgap semiconductor with a diverse range of 

morphologies and structures as well as synthetic procedures. Its structure is monoclinic (Figure 1.12). 

Both p-type materials, cupric (CuO) and cuprous (Cu2O) oxides have narrow bandgaps of 1.2–1.5 eV 

and 2.12 eV, respectively [97, 98]. 

1.7 Applications of metal oxide nanocomposites 

Metal oxide nanoparticles can exhibit extraordinary physical and chemical properties due to their small 

size and high density of corner or edge surface sites, as well as a variety of synthetic techniques. Their 

applications in catalysis, sensing, optical, electrical, magnetic, biological, and environmental 

remediation, such as photocatalytic degradation and adsorption of various contaminants from water, 

have recently gotten a lot of coverage. We concentrated our study on metal oxide nanoparticles' 

environmental applications, particularly photocatalytic degradation of organic dyes in aquatic 

environments. 

As a result of rapid industrialization, population growth worldwide, and the use of pesticides, 

insecticides, and other chemicals in agricultural fields, a variety of organic and inorganic pollutants 

contaminate surface and groundwater, degrading the environment and harming living things. Preventing 

the negative effects of pollution is essential to preserving the environment and enhancing human living 

situations. Wastewater contains a wide range of complex compounds, including heavy metals, inorganic 

chemicals, organic dyes, and chlorinated hydrocarbons.  

Organic dyes, which are available in both solution and dispersion forms, benefit textile fibres, 

leather, plastic products, papers, and wax. Colours in textiles, leather, plastics, and paper contribute a 

considerable amount of organic pollutants to industrial effluent. They are exceedingly harmful to both 
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living and non-living catalytic creatures, as well as the environment. Auxochromes are divided into two 

types: chromophores, which give colour, and auxochromes, which can not only replace the chromophore 

but also make the molecule water-soluble and increase its affinity for fibres. Organic dyes are more 

durable and difficult to degrade since they are often made and contain complex aromatic components 

[99]. Wastewater releases organic colouring pollutants into the environment. Drinking water with merely 

1.0 mg/L of dye can have a brilliant colour, making it unsafe to consume.  

Organic dyes can stifle development in aquatic plants by reducing sunlight penetration into the 

water, lowering photosynthetic efficiency, and reducing photosynthesis. Dyes can impair aquatic life 

while also causing mutagenesis, carcinogenesis, and substantial damage in humans, including kidney, 

liver, brain, and central nervous system disorders. Basic dyes, acid dyes, reactive dyes, azo dyes, 

dispersion dyes, and sulphur dyes are the most common organic dyes used in textile manufacturing. 

There are three types of organic dyes: cationic, anionic, and non-ionic. Basic dyes are cationic dyes, 

while acid and reactive dyes are anionic dyes [100]. Dye wastewater treatment technology development 

is producing rising concern around the world these days. To remove hazardous contaminants from water 

and clean the environment, nanofiltration, bioremediation, nanoparticle adsorption, photocatalysis 

employing semiconductor metal oxide nanoparticles, and other nanotechnology-based techniques are 

applied. We have used unique iron oxide-based other metal oxide composite nanomaterials adsorbents 

and photocatalysts to remove all organic dye pollutants from wastewaters, while bearing in mind the 

dangerous nature of the pollutants and their severe environmental implications [101]. Rajaboopathi et al. 

reported on the thermal and photocatalytic uses of CdO-ZnO nanocomposite produced through green 

synthesis. The simple metal oxide viz. CuO, and coupled metal oxide (ZnO/CuO) were prepared 

successfully using a co-precipitation method [102].  It was found that after high-vacuum annealing, the 

photocatalytic activity of CdS–TiO2 thin films for methanol degradation was increased due to better 

crystallinity in CdS and TiO2 layers, as well as increased roughness of the CdS surface, further its 

speculated that the increased photocatalytic activity could be owing to photogenerated electrons and 

holes being easily separated under UV–visible irradiation due to their appropriate valence band and 

conduction band potentials [103]. CdS–TiO2 thin films exhibit a higher absorption efficiency in the 

visible light range than TiO2, according to Resta et al. According to the researchers, CdS was also used 

as a sensitizer on TiO2 film, resulting in improved photocatalytic activity. The researchers also created a 

WO3–TiO2 thin layer using a pulse electrodeposition method and established an optimum configuration 

for minimising electron-hole recombination [104]. Using an evaporation-induced self-assembly 

approach, Pan et al. demonstrated excellent photocatalytic activity in the photodecomposition of 2-

propanol on WO3–TiO2 film [105]. Chemical bath deposition and subsequent thermal annealing can be 

used to achieve cadmium thiolate molecule adsorption in the TiO2 matrix [106]. The ZnO/TiO2 all-

nanoparticle films deposited on both substrates demonstrated significantly improved 

photoelectrochemical properties in comparison to the well-established TiO2 layer by layer thin films 

with comparable thicknesses [107], and the well-contacted nanoscale heterojunctions were created 

during the LBL self-assembling process. The ZnO/TiO2 all-nanoparticle films generated on both 
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substrates showed significantly improved photoelectrochemical properties in contrast to the well-known 

TiO2 layer by layer thin films of comparable thicknesses [108,109].  

ZnO composites with Ag, CdO, or both are another type of semiconductor composite. In the best 

experimental conditions, the parathion was completely destroyed (100 percent elimination) after 60 

minutes of sono-photo irradiation with ZnO/CuO [110]. The enhanced surface area of ZnO and Ag 

Saravanan and colleagues found that the photodegradation activity of textile dye is boosted [111]. 

Because the back reaction between the photogenerated charge carriers slows down when ZnO and CdO 

are combined, more charge carriers are produced. As a result, combining ZnO and CdO could change 

their optical band gap, making them more UV–visible light responsive [112]. When Ag, CdO, and ZnO 

are combined, they form a ternary composite with increased photocatalytic activity. The increase in 

surface area is mostly responsible for this improvement. Furthermore, the presence of Ag in the ternary 

composite system acts as an electron trap, allowing electron-hole separation to be facilitated [113]. The 

activity of the ZnO/Ag/photocatalytic Mn2O3 ternary nanocomposite has also improved [114]. 

Compared to bare ZnO and V2O5, the C–ZnO/V2O5 nanocomposite photocatalyst had better catalytic 

performance [115]. 

The rate of photocatalytic dye degradation using the coupled metal oxide nanocomposites such as 

ZnO/CuO, SnO2/TiO2, Al2O3-TiO2, ZrO2-TiO2, Mn2O3/Al2O3/Fe2O3 ,etc. was accelerated [116-119]. 

Mixed metal oxides have wide application as photocatalyst and super capacitor [120,121]. From the 

literature, binary and ternary nanocomposite give better photocatalytic activity than simple metal oxide. 

Integration of semiconductors with other semiconductors or molecules with lower band gaps has 

been presented as a feasible technique for improving visible light photocatalytic activity, as previously 

mentioned. Because of its ability to increase the separation of photo-generated electron-hole pairs, the 

heterojunction between the two semiconductors has been proven to boost photocatalytic activity. As a 

result, creating and constructing heterojunctions out of a variety of semiconducting materials to boost 

photocatalytic efficiency has become more important. Boosting photocatalytic activity in the visible 

light zone requires improving charge separation efficiency and expanding the energy range of 

photoexcitation for the system. 

Conclusion and Future Scope 

The study of nanocomposites is an interdisciplinary area, enclosing chemistry, physics, biology, 

materials science, and engineering. Nanocomposites have instigated interest both in basic research and 

technological applications, because of their controllable and unusual properties. Many chemical and 

physical techniques have been developed to synthesize a nanocomposite. In metal oxide 

nanocomposites, the matrix is filled with metal oxide nanoparticles, nanowires, etc. Synthesis of metal 

oxide nanocomposites is considered as a promising way to achieve efficient photocatalyst. The leather, 

Textile, and dye industries release waste organic compounds which are the major pollutants to 

contaminate water and affect aquatic life as well as human life. The visible light-driven oxidation 

process technology promotes both efficiency and sustainability by reducing waste and providing 
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alternative routes. In order to address the global energy and environmental problem, photocatalysis is a 

promising approach that opens up a wide range of applications, such as dye degradation, antimicrobial 

activity, fuel generation through water splitting, and carbon dioxide reduction. Photocatalytic activity of 

the nanocomposite can be improved by the enhancement of the charge separation, irradiation absorption, 

as well as on the reaction conditions, surface area, material quality, and combination of two or more 

metals in an oxide matrix. 
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