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ABSTRACT 

Recently nanoparticles (NPs) have gained significant research attention due to their 

unique physical, chemical, mechanical, electrical, optical, catalytic and magnetic 

properties compared to their bulk counterparts. Abundance in nature, non-toxicity, bio-

compatibility and easy synthesis mechanism has made Copper Oxide (CuO) one of the 

most promising NPs. In this study CuO and Ce doped CuO NPs were synthesized by a 

cost-effective, simple sol-gel auto-combustion process with the doping concentration 

of Ce varying between 0 to 8 mole%. X-ray Diffraction study was performed to 

characterize the crystal structure of the CuO and Ce doped CuO NPs. Reitveld analysis 

was used to reveal the structural information of the NPs. The effect of Ce doping on the 

different structural parameters such as lattice type, bond length, bond angles and reason 

behind the change of lattice parameter, strain, and stress was also studied in details. The 

surface morphology of the NPs was studied by Field Emission Scanning Electron 

Microscope (FESEM) which shows reduction of the particle size with Ce doping. 

Fourier Transform Infrared Spectroscopy (FTIR) analysis was performed to study the 

chemical bonding of the NPs which shows presence of Cu and O bond vibration in the 

NPs. Raman spectroscopy of the Ce doped CuO NPs shows a change in the intensities 

and number of modes which are attributed to the presence of intrinsic defects. Optical 

properties of the NPs were investigated by UV-Visible Spectroscopy. Ce doping was 

found to reduce the optical band gap of the NPs. It was found the 2 mole% Ce doping 

reduces the band gap of CuO NPs from 1.72 eV to 1.40 eV. A further increase in Ce 

dopant enhances the band gap. However it is far less than that pure CuO. Photo-catalytic 

activity of pure CuO NPs and Ce-doped CuO NPs have been examined by performing 

the photo degradation of methylene blue (MB) under the visible light irradiation. The 

Photo-catalytic studies shows that Ce doping improves the photo-catalytic activity of 

CuO NPs. 2 mole% Ce doped CuO NPs yields the best photo-catalytic activity and the 

activity reduces with the increase of dopant concentration. The higher surface area of 

the NPs due to smaller particle size distribution together with its lower band gap is 

responsible for the enhanced photo-catalytic activity of Ce doped CuO NPs than the 

pure CuO NPs. The Ce doped CuO NPs synthesized by an effective and economic route 

may open up a versatile route to enhance the photo-catalytic activity of CuO NPs and 

can find their applications in water purification and environment cleaning. 
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 CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Nanotechnology is the science and technology of very small things in particular, things 

that are less than 100 nanometers in size. The area of nanoscience and nanotechnology 

has become increasing importance in recent years and a wide variety of applications of 

these materials are expected in various branches of science and technology comprising 

Physics, Chemistry, Biology, Materials Science, Medicine, Computational Science, 

Environmental Science etc. and thus providing a profound impact in our daily lives [1-

3]. 

Nanoparticles (NPs) have become the core material in nanotechnology owing to their 

unique physical, chemical, mechanical, electrical, optical, catalytic and magnetic 

properties compared to their bulk counterparts [1]. In general, these properties depend 

upon the size and shape of the particles [2, 3]. NPs have wide range of applications in 

various fields like medicine, pharmaceuticals, biotechnology, information technology, 

optical and biological sensors, photovoltaic cells, agriculture, conductive materials, 

coating formulation etc. 

Copper oxide stands as the most significant materials for being the most current 

transition metal in the lithosphere. Copper oxide is abundantly found in nature. Copper 

oxide is prevalent, inexpensive and the most widely used bio-compatible material 

which plays an imperative role in many biological and technological processes [10]. 

The two most common forms of copper oxides in nature are Cuprous oxide (Cu2O) and 

Cupric oxide (CuO) which are also very important in the field of scientific research 

[11]. Copper oxide NPs has gained significant attention due to their non-toxicity, bio-

compatibility, magnetic properties and large surface area to volume ratio as well as 

good reactive surface [5]. The extreme reactivity of Copper makes it difficult to study 

and problematic for applications. However, magnetic and catalytic properties have 

diverted the attention toward Copper’s potential. Synthesis methods, crystallization, 

size, shape, and quality of the Copper oxide NPs greatly affect these behaviors. The 

shapes of nano materials also exert tremendous impact on their properties, more 

importantly in catalysis [7]. Shape change shows crystal facets, and the atomic 
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arrangements in each fact have reflective effects on its properties [8]. The development 

of protocols for desired morphology, size, and shape is under consideration [9].  

Several methods are being adapted for the synthesis of Copper oxide NPs, which 

include sol-gel process [13], solid state reaction [20], co-precipitation [14], sono-

chemical method [15], hydrothermal techniques [16], microwave irradiation [21, 22], 

non-aqueous synthesis [17], plasma [23] and thermal decomposition method [25], 

ultrasound irradiation [18], micro-emulsion method [19] etc. All these methods require 

high pressures and temperatures, even involving harmful chemicals. In contrast, the 

above method solution combustion method is a versatile, simple, rapid and single steps 

process which involves a self-sustained reaction in homogeneous solution of different 

oxidizers and fuels. Developing a facile and cost-effective method for synthesizing 

copper oxide NPs is importance and still a challenge for materials scientists. Utilization 

of nontoxic chemicals, environmentally benign solvents, and inexpensive materials are 

some of the key issues that merit important consideration in this synthetic strategy.  

1.2 Motivation and Background of the Study 

The unprecedented physicochemical properties of engineered nano materials are 

attributable to their small size (surface area and size distribution), chemical composition 

(purity, crystallinity, electronic properties etc.), surface structure (surface reactivity, 

surface groups, inorganic or organic coatings etc.), solubility, shape and aggregation. 

Studies have shown that the size, morphology, stability and properties (chemical and 

physical) of the metal NPs are strongly influenced by the conditions of experiment, the 

kinetics of interaction of metal ions with reducing agents and the adsorption processes 

of stabilizing agent with metal NPs [27]. Due to the exclusive properties like magnetic, 

reactive surface, bio-degradability, bio-compatibility, non-toxicity, high saturation 

magnetization and low Curie temperature. Copper oxide has wide variety of 

applications such as gas sensors, batteries, magnetic storage media, solar energy 

transformation, electronics, semiconductors, field emission and catalysis [26]. It is also 

utilized as photo thermal active and photo conductive compound. The increase 

comprehensive strength, thermal properties and microstructure of self-compacting 

concrete with CuO NPs were investigated [29]. The CuO NPs gave very high activity 

for detection of H2O2 [4]. It is also used as an electrochemical pH sensor [5]. The photo-

catalytic evolution of H2O2 under simulated sunlight irradiation using CuO was studied 
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[6]. A recyclable catalyst for oxidative phenol coupling reaction was made with CuO 

NPs [7]. Therefore, exponential growth in research focuses on synthesis, properties and 

applications of CuO NPs that have been accomplished in recent years.  

The presence of both organic and inorganic pollutants in water due to industrial, 

agricultural, and domestic activities has led to the global need for the development of 

new, improved, and advanced but effective technologies to effectively address the 

challenges of water quality. It is therefore necessary to develop a technology which 

would completely remove contaminants from contaminated waters. In this purpose we 

need such a material that removes dye from the water in presence of visible light. So I 

motivated to explore a catalyst particle which is treated as water treatment.  

Synthesis of NPs with the required quality and desired properties is one of the important 

issues in competitive nanotechnology. The development of easy and cost-effective 

processes for the synthesis of NPs is evolving into an important branch of 

nanotechnology. In combustion synthesis of NPs involves three main steps, including: 

(a) selection of solvent medium, (b) selection of nitrate compound of Copper and (c) 

selection of fuel substances for the NPs synthesis [28]. As a consequence, in order to 

meet the exponentially growing technological demand, it is desirable to study the 

inexpensive synthesis route for the synthesis of various NPs and presently available 

literature reveals that the CuO NPs synthesis by combustion technique has been 

unexplored and underexploited [29]. 

Hence developing of a cost effective and environment friendly approach has added 

much importance because of its eco-friendly products, biocompatibility and economic 

viability in the long run. The eco-friendly and green chemistry perspective for the NPs 

synthesis are the choice of the solvent medium, reducing agent and non-toxic material 

respectively for the stabilization of NPs [34]. Among the various particle synthetic 

methods, the raw materials which are used in the combustion process are available, safe 

to handle and possess a broad viability of metabolites [30].  

In succession of the efforts for synthesizing of stable and biocompatible CuO NPs here 

we report a facile, less labor and biodegradable synthesis using the water solvent and 

cheap organic material, citric acid as fuel which has been chosen due to the availability 

in our country. 
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1.3. Statement of the Problem  

CuO having semiconductor nanostructure is attractive component to be used for nano-

metric scale electronic and photonic device applications because of their unique 

chemical and physical properties. However, there are still significant challenges that 

have to be overcome in order to produce efficient CuO devices. 

The first challenge is in understanding the structural property of CuO and Ce doped 

CuO NPs. Another main obstacle for the commercialization of CuO based homo-

junction devices is the absence of stable and reproducible p-type doping with high hole 

concentrations and large carrier mobility. As a consequence, n-doping of CuO is still 

an unsolved problem. It is widely acknowledged that the morphology of CuO 

nanostructures is highly sensitive. It may form either CuO or Cu2O as it has two stable 

oxide formations. As a result, it is difficult to make specific copper oxide NPs. Besides 

Ce is a reactive NPs, it can use for explosives, missiles can be used in combustion 

process without Oxygen. It is a very hard to keep it a stable form. We seek a way to 

dope a limited but controlled amount of Ce NPs on CuO NPs. We have to aware of 

toxicity of Ce NPs also. Moreover, it is a challenging task to dope desired amount of 

Ce NPs properly.  

Again, some of the basic properties of CuO are not well understood and are still 

debatable owing to the different intrinsic defects such as oxygen interstitials (Oi), 

copper interstitials (Cui), oxygen vacancies (Vo), copper vacancies (Vcu). Ce was 

doped on CuO NPs. As a result, all those interstitial position changes. Structural 

property may change or not. This property changes are studied here. Therefore, the 

major problem this thesis seeks to address is how to tune the structural, optical, 

chemical property of CuO and Ce doped CuO NPs. 

 

1.4. Objectives of the Study  

The objectives of this study are: 

 To synthesize CuO and Ce doped CuO NPs by sol-gel auto-combustion method.  

 Study the surface morphology of CuO and Ce doped CuO NPs using Field 

Emission Scanning Electron Microscopy (FESEM).  

 To determine the chemical composition of the samples by Energy Dispersive X-

Ray Spectroscopy (EDS).  

 Determining the crystal structure and particle size with X-Ray Diffraction 

(XRD).  
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 Determining the lattice parameters, micro-strain, micro-stress and texture co-

efficiency of the prepared sample from XRD. 

 Studying the effect of Ce-dopant on the different structural parameters of the 

NPs.  

 Study the optical properties and determine the band gap of the CuO and Ce doped 

CuO NPs by UV-Vis Spectrophotometer. 

 To understand the chemical bond of the prepared pure and Ce doped CuO NPs 

by FTIR. 

 To investigate the vibrational mode of the prepared pure and Ce doped CuO NPs 

by Raman Spectroscopy. 

 Investigation of Photo-catalytic of CuO NPs and the role of Ce dopant for the 

Photo-catalytic properties in the CuO NPs.  

 

1.5. Organization of the Thesis  
The thesis consists of five 6 chapters.  

Chapter 1st begins with the overview of research background, aims of study and 

statement of problem.  

Chapter 2 provides the introduction of the CuO and the underlying theories and 

fundamental properties of CuO. The different characterization techniques of CuO are 

also briefly discussed in this chapter. 

Chapter 3 gives a brief description of the experimental equipment, environmental and 

atmospheric requirements, techniques used to design, synthesize and characterize CuO. 

The sol-gel auto-combustion method used to synthesize the NPs is discussed in detail.  

Chapter 4 reports the results obtained from the characterization and the founded result 

is discussed there.  

Chapter 5 gives the conclusion of the thesis and suggestible works to be done in the 

future. 

Chapter 6 related references of my work.



              

CHAPTER 2 
 THEORETICAL BACKGROUND 

 
2.1 Nanoscience and Nanotechnology 

The word “Nano” is originated from a Greek word whose meaning is extremely small 

or dwarfs [31]. The basic concepts behind nanoscience and nanotechnology was 

reported with a talk entitled “There’s a Plenty of Room at the Bottom” by the Physicist 

Richard Feynman at the California Institute of Technology on December 29, 1959 [32]. 

The term “Nanotechnology” was later coined by Professor Norio Taniguchi using 

Feynman’s explorations of ultra-precision machining. A brief and general definition of 

nanotechnology by the US National Science and Technology Council [33] states: “The 

essence of nanotechnology has the capability to work at the molecular level such as 

atom by atom for the creation of large structures with essentially innovative molecular 

organization. The aim is to exploit these properties by gaining control of structures and 

devices at atomic, molecular, and supra molecular levels and to become skilled at well-

organized manufacture and use these devices”. The United States National Science 

Foundation [34] defines nanoscience or nanotechnology is the study which deals with 

materials and systems deserving the following two key properties:  

➢The dimension must be at least one dimension from 1-100 nm.  

➢According to the building block property, larger structures form by the combination 

of smaller one. According to the microbiological study, the nanoscience leads to the 

sizes of different types of bio-particles which deals with bacteria, viruses, enzymes etc. 

fall within the nanometer range.  

➢The process can be designed with various methodologies which show elementary 

control over the physical and chemical properties of structures that can be measure by 

the molecular-scale.  

Nanotechnology has the capability at atomic precision which is useful for making of 

materials, various instruments and systems [34, 35]. Nanotechnology can also be 

defined as the study and investigation about the synthesis, characterization, exploration 

and application of nano sized materials which is of 1-100 nm in size and will be valuable 

and functional for the development of science. A recent advance in the emerging field 
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of nanotechnology has the capability for the preparation of the highly ordered NPs of 

various different size and shape which led to the development of the modern technology 

[36]. The prefix nano means a factor of one billionth (10-9) and can be applied, e.g., to 

time (nanosecond), volume (nanoliter) weight (nanogram) or length (nanometer or nm). 

 

2.2 Nanomaterials 

Nanomaterials made of metals, semiconductors, or oxides are of particular interest for 

their mechanical, electrical, magnetic, optical, chemical and other properties [37]. 

Nanomaterials are effectively a bridge between bulk materials and atomic or molecular 

structures. A bulk material should have constant physical properties regardless of its 

size but at the nano-scale this is often not the case. For example, the bending of bulk 

copper (wire, ribbon etc.) occurs with movement of copper atoms/clusters at about the 

50 nm scale. Copper NPs smaller than 50 nm are considered super hard materials that 

do not exhibit the same malleability and ductility as bulk copper [38]. A material such 

as gold, which is chemically inert at normal scales, can serve as a potent chemical 

catalyst at nanoscales. Much of the fascination with nanotechnology stems from these 

quantum and surface phenomena that matter exhibits at the nanoscale.  

 

2.3 Properties of Nanomaterials 

The unique properties of various types of intentionally produced nanomaterials give 

them novel electrical, catalytic, magnetic, mechanical, thermal or imaging features that 

are highly desirable for applications in commercial, medical, military and 

environmental sectors [39]. The material properties of nanostructures are different from 

the bulk due to the high surface area over volume ratio and possible appearance of 

quantum effects at the nanoscale. As a particle decreases in size, a greater proportion 

of atoms are found at the surface compared to those inside [40].  

For example, a particle of size 30 nm has 5% of its atoms on its surface, at 10 nm 15% 

of its atoms and at 3 nm 50% of its atoms. Thus, NPs have a much greater surface area 

per unit mass compared with larger particles. As growth and catalytic chemical 

reactions occur at surfaces, this means that a given mass of material in nanoparticulate 

form will be much more reactive than the same mass of material made up of larger 

particles. In tandem with surface-area effects, quantum effects can begin to dominate 



  

Chapter 2: Theoretical Background  

 

8 
 

the properties of matter as size is reduced to the nanoscale. These can affect the optical, 

electrical and magnetic behavior of materials, particularly as the structure or particle 

size approaches the smaller end of the nanoscale. The large surface area to volume ratio 

results in a substantial proportion of atoms having different magnetic coupling with 

neighboring atoms leading to differing magnetic properties. For instance, bulk gold and 

platinum are non-magnetic but at the nano-size they act as magnetic particles. Gold NPs 

become ferromagnetic when they are capped with the appropriate molecules. 

Semiconductors and many metals show large changes in optical properties such as 

color, as a function of particle size [41]. Colloidal suspensions of gold NPs have a deep 

red color which becomes progressively more yellow as the particle size increases. 

 

2.4 Classification of Nanomaterials 

Generally, nanomaterials are referred as the infrastructure or building blocks element 

for nanotechnology. The “Building blocks” for nanomaterials consist of carbon-based 

components and organics, semiconductors, metals and metal oxides [42]. 

Nanomaterials with structural features at the nanoscale can be found in the form of 

clusters, thin films, multilayer and nanocrystalline materials which are often expressed 

by the dimensionality of 0, 1, 2 and 3 as shown in Table 1. The materials include metals, 

amorphous and crystalline alloys, semiconductors, oxides, nitride and carbide ceramics 

in the form of clusters, thin films, multilayer and the bulk nanocrystalline materials. 

Classification of various nanomaterials is shown in Fig. 1. 

The familiar nanomaterial ‘carbon black’ was used in industrial production over a 

century ago. The other early nanomaterials are fumed silica, a form of silicon dioxide 

(SiO2), Fe3O4 and zinc oxide (ZnO). Nanomaterials can have different properties at 

nanoscale which is also established by the quantum effects. Among all nanomaterials, 

some are having better conductivity towards heat and electricity, different magnetic 

properties, light reflection and also change colors according to their size which is also 

changed. These properties are a little bit different from the bulk materials. 

Nanomaterials also have larger surface areas than similar volumes of larger-scale 
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Table 1: Classification of nanomaterials based on dimension 
Dimension  

 

Example of nanomaterials  

 

0D Nanoparticles, colloids, nanodots, nanoclusters  

 

1D Nanowires, nanotubes, nanobelts, nanorods  

 

2D Quantum wells, super lattice, membranes  

 

3D Nanocomposites, cellular materials, nanocrystal array, block polymers  

 

 

 
Fig. 1: Classification of nanomaterials according to their dimension 

 

materials which signify the meaning of more surfaces is available for interactions with 

other materials around them. Nanomaterials are being controlled to nano crystalline 

size which is less than 100 nm which can show atom-like behaviors. This results from 

its higher surface energy due to their large surface area and wider band gap between 
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valence and conduction band. It occurs when they are divided to near atomic size [38, 

42]. Nanomaterials are also referred as ‘‘a wonder of modern medicine’’. It signifies 

the importance of antibiotics which kill at least six different disease-causing organisms 

whether the nanomaterials can kill at least 650 cells [43]. Nanomaterials are being 

enthusiastically researched for specific function like microbial growth inhibition, 

carriers of antibiotics and also act as killing agents [44]. 

 

2.5 Nanoparticles (NPs) 

NPs are particles between 1 and 100 nm in size with a surrounding interfacial layer. 

The interfacial layer is an integral part of nanoscale matter, fundamentally affecting all 

of its properties. In nanotechnology, a particle is defined as a small object that behaves 

as a whole unit with respect to its transport and properties. There are two different types 

of NPs, inorganic NPs and organic NPs. The inorganic NPs include metal and metal 

oxides, which are potent antibacterial agents. Metal oxide NPs such as silver (Ag), iron 

oxide (Fe3O4), titanium oxide (TiO2), copper oxide (CuO), and zinc oxide (ZnO) are 

certain examples of inorganic NPs. Organic NPs include quaternary ammonium 

compounds, cationic quaternary polyelectrolytes, N-halimane compounds, and 

chitosan. Organic NPs are generally less stable at high temperatures. Due this reason, 

inorganic NPs are more preferred as antimicrobial polymers [45].  

We are going to introduce here the two main copper oxides, Cu2O and CuO. Knowledge 

of the physical properties of these materials, and especially of the surface structure is 

relevant background when trying to understand the formation and growth of the copper 

oxide. Then we will discuss the procedure of synthesizing copper oxide NPs and some 

characteristic techniques.  

The most common forms of the oxide (shown in Fig-2) are cupric oxide (CuO) or 

cuprous oxide (Cu2O), the principal oxide at low temperature and pressure, and tenorite 

(or cupric oxide, CuO), dominant at high temperatures and pressures. Another copper 

oxide structure, paramelaconite (Cu4O3), exists as a rare mineral found in hydrothermal 

deposits of copper. Cuprite has long been known to be the primary oxide for copper at 

ambient conditions and there is considerable interest in its application to catalysis, 

optoelectronics and gas sensing and therefore a large amount of work has been done to 
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determine its physical and chemical characteristics. Tenorite has been studied less and 

still relatively little is understood about the structure of its surfaces. 

 

2.6 Properties of Cu2O  

Cuprous oxide is a cubic crystalline solid, where copper has a Cu1+ oxidation state. It 

is a p-type semiconductor with a direct band gap of 2.02-2.17 eV (bulk) and an optical 

gap of 2.62eV (bulk) where optical band gap is 3.6eV (NPs) [46]. It is a promising 

material for a variety of industrial applications because of its band gap and because it 

shows negative thermal expansion. 

2.7 Properties of CuO  

In CuO, the copper atom has oxidation state Cu2+. The unit cell has monoclinic 

symmetry. It contains four CuO dimers in the crystallographic unit cell and two CuO 

units in the primitive cell. Each copper atom is located in the center of an oxygen 

parallelogram [46]. 

A detailed schematic arrangement of atoms in the conventional unit cell is shown in the 

following figure: 

 

Fig. 2: Structural information of CuO NPs 

From fig. 2 it is clearly seen that every atom of one kind (e.g. Cu) is surrounded by four 

atoms of the other kind (O), or vice versa, which are positioned at the edges of a 

tetrahedron. This tetrahedral coordination is typical of sp3 covalent bonding. In a 

tenorite (CuO) lattice, there are lattice parameters a, b and c, and the internal parameter 
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and bond angles α, β and Y. The lattice constants of the CuO unit cell are a=4.68 Å, 

b=3.42 Å and c = 5.12Å and ɑ=900, β=990, Y=900 [1, 2]. 

2.8 Synthesis of NPs  

NPs fabrication methods can be classified into two approaches. They are (1) Top down 
and (2) bottom up approach. In the bottom-up approach, smaller components of atomic 
or molecular dimensions self-assemble together according to a natural physical 
principle or an externally applied driving force. Top down process starts from large 
species and subsequently uses finer and finer tools for creating correspondingly smaller 
structures [3]. 

 

 
Fig. 3: Schematic variety of nanostructure synthesis and assembly approaches. 

 

2.8.1 Top–down methods  

Mechanical-synthetic methods: Mechanical method offers the least expensive ways 

to produce nanomaterials from bulk materials. Ball milling procedure can produce 

nanomaterials by mechanical attrition. In this process, kinetic energy from a grinding 

medium is transferred to a material undergoing reduction.  

Compaction and consolidation: In this process, nanomaterials are "put back together" 

to form materials with enhanced properties. This process can be used to make metallic 

alloys.  

Thermal methods: This method forms a nebulous category.  

Electro-spinning method: Nano-thread materials can be produced using this method.  
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Arc discharge method: This method was first used for making carbon nanotubes.  

Plasma methods: Plasmas are created in high-energy situations. The problem with this 

and other high-energy methods is upscale potential.  

Top-down chemical fabrication methods are always easy to upscale and many, such as 

anodizing, are widespread industrial processes. Top-down methods capable of 

producing for the most part micron-sized features, although they require energy 

intensive and expensive materials and facilities. 

  

2.8.2 Bottom-up methods:  

Bottom-up methods start with atoms or molecules to form nanomaterials.  

Chemical vapor deposition: It is a gas-phase process in which reactive constituents 

react over a catalyst or pre-templated surface to form nanostructure materials. 

Precursors in the form of methane or acetylene or other carbon source gases are passed 

over Co, Fe or Ni catalyst. Once decomposed into carbon, nanotubes are formed by the 

catalyst particle.  

Atomic layer deposition: It is an industrial process. This process is capable of coating 

any material, regardless of size, with a monolayer or more of a thin film.  

Liquid phase methods: This method is within the liquid phase that all of self-assembly 

and synthesis occurs. Liquid phase methods are up-scalable and cost is low.      

Electro-deposition and electro-less deposition are very simple ways to make 

nanomaterials (dots, clusters, colloids, rods, wires, thin films). Many of the new 

methods are both inexpensive and offer high throughput.  

2.9 Some Other Methods for Preparing Nanomaterials  

2.9.1 Hydrothermal method  

Hydrothermal synthesis is typically carried out in a pressurized vessel called an 

autoclave with the reaction in aqueous solution [47]. The temperature in the autoclave 

can be raised above the boiling point of water, reaching the pressure of vapor saturation. 

This method can be useful to control grain size, particle morphology, crystalline phase 

and surface chemistry through regulation of the solution composition, reaction 

temperature, pressure, solvent properties, additives and aging time [48]. 
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2.9.2 Gas phase method  

Gas phase methods are ideal for the production of thin films. Chemical vapor deposition 

(CVD) is a widely used industrial technique that can coat large areas in a short space of 

time. During the procedure, metal oxide is formed from a chemical reaction or 

decomposition of a precursor in the gas phase [49]. Physical vapor deposition (PVD) is 

another thin film deposition technique. The process is similar to chemical vapor 

deposition (CVD) except that the raw materials/precursors.  

 

2.9.3 Microwave synthesis  

Microwave synthesis is relatively new and an interesting technique for the synthesis of 

oxide materials [50]. Various nanomaterials have been synthesized in remarkably short 

time under microwave irradiation [51]. Microwave techniques eliminate the use of high 

temperature calcination for extended periods of time and allow for fast, reproducible 

synthesis of crystalline metal oxide nanomaterials. Utilizing microwave energy for the 

thermal treatment generally leads to a very fine particle in the nanocrystalline regime 

because of the shorter synthesis time and a highly focused local heating. 

 

In the present work, we will synthesize nanoparticles with the sol-gel auto-combustion 

method, so sol-gel auto-combustion method has been studied briefly as below. 

 

2.10 Sol-gel Auto-combustion Method  

2.10.1 Sol-gel method 

The sol-gel process is a versatile soft chemical process widely used for synthesizing 

metal oxides, ceramic and glass materials. The ceramic and glass materials can be 

obtained in a wide variety of forms: ultra-fine or spherical shaped powders, thin film 

coatings, ceramic fibers, microporous inorganic membranes.  

Sol-gel method normally involves the use of metal alkoxides or organometallic 

inorganic salts as precursors [64]. In this process, the precursors undergo a series of 

hydrolysis and poly-condensation reaction to form a colloidal suspension or a sol. The 

sol-gel process involves the transition of a system from a liquid “sol” (mostly colloidal) 

into a solid “gel” phase Then drying of the gel followed by calcination at different 

temperatures to obtain the metal oxide nanopowder. In sol-gel method it is possible to 

control the shape, morphology and textual properties of the final materials. In contrast 
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to high-temperature processes, Sol-gel method has large advantages such as possibility 

of obtaining metastable materials, achieving superior purity and compositional 

homogeneity of the products at moderate temperature. Furthermore, this process also 

influences the particle morphology during the chemical transformation of the molecular 

precursor to the final oxidic network.  

This technique offers many advantages including the low processing temperature, the 

ability to control the composition on molecular scale and the porosity to obtain high 

surface area [52] materials, the homogeneity of the final product up to atomic scale. 

Moreover, it is possible to synthesize complex composition materials, to form higher 

purity products through the use of high purity reagents. The sol-gel process allows 

obtaining high quality films up to micron thickness, difficult to obtain using the 

physical deposition techniques. Moreover, it is possible to synthesize complex 

composition materials and to provide coatings over complex geometries [53].  

 

2.10.2 Combustion technique  

In principle, this synthesis method exploits the energy resulting from the self-propagating 

highly exothermic redox reaction that occurs during heating metal nitrates (oxidizers) and 

various organic compounds or fuels (reducing agents). The ignition of the combustion 

reaction is achieved by rapidly heating the mixture of raw materials at relatively low 

temperatures usually below 500 °C [54-56].  

At the same time, when synthesis conditions are properly selected, the temperature reached 

in the reaction system (1500 °C) is high enough to facilitate the formation of the desired 

compound without any other heat treatment. It should be noted that the whole process takes 

a few seconds only and the reaction byproducts (N2, H2O and CO2) are compatible with the 

environment. All these remarkable advantages determined material scientists to use more 

and more frequently combustion synthesis for the preparation of a wide range of materials 

[57-59].  

Unlike many of the synthesis methods, which require an annealing step in order to obtain 

the desired crystalline compound, combustion synthesis has several advantages:  

 It doesn’t require annealing 

 It is time and energy efficient and last but not least 

 It is environmentally friendly. 
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An additional advantage is that powder characteristics (surface area, crystallite size and 

grain size) prepared by combustion synthesis can be properly adjusted by changing the 

synthesis conditions [60]. 

 

2.10.3 Auto generation of combustion technique in sol-gel method 

In our experiment both techniques combination was used. Combustion process can be 

auto generated in Sol-gel techniques when gel is formed. Full procedure can be written 

as below:  

1. The first step consists of the formation of different stable solutions of the alkoxide 

or metal precursors solvent.  

2. Fuel precursor has to be chosen carefully  

3. In the second step, gelation begins, which results in the formation of an oxide or 

alcohol-bridged network (the gel).  

4. Heat is needed to start combustion process automatically after the gel is made. 

Temperature may vary for different samples and different conditions. Samples were 

heated continuously.  

5. After a certain temperature auto-combustion process starts and the gel begins to burn. 

NPs can be found from the ashes of the gel.  

6. pH must be maintained at 7.0  

That’s how NPs can be found by auto-combustion technique [61-63].  

 

2.11. Photo-catalytic Activity 

Photo-catalysis is the amalgamation of photochemistry and catalysis. The word “photo-

catalysis” is derived from the Greek language and composed of two parts: 

• The prefix photo means light 

• Catalysis is the process where a substance involves in altering the rate of a chemical 

transformation of the reactants without being altered in the end. The substance which 

is known to be a catalyst increases the rate of the reaction by reducing the activation 

energy. 
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Hence, photo-catalysis is a process where light and catalysts are concurrently used to 

support or speed up a chemical reaction. So, photo-catalysis can be defined as “catalysis 

driven acceleration of a light-induced reaction.” 

The photo-catalyst is an extraordinary method which can be used for various purposes 

like degradation of various organic pollutants in wastewater, production of hydrogen, 

purification of air and antibacterial activity. Recently, the photo-catalytic process is 

attaining more concentration in the field of wastewater treatment to two basic 

Principles, Mechanism, and Challenges of Photo-catalysis obtain complete 

mineralization of the pollutant achieved under mild conditions of temperature and 

pressure. The noteworthy features of these processes include undisposed of waste and 

cost-effectiveness when sunlight or near-UV light or Visible light can be used as a 

source of irradiation. Photo-catalyst is a term which means photon assisted generation 

of catalytically active species. In general, Photo-catalysis can be defined as “a change 

in the rate of chemical reactions or their generation under the action of light in the 

presence of substances called photo-catalyst that absorbs light quanta and is involved 

in the chemical transformations of the reactants” 

 

2.11.1 Photo-catalytic mechanism 

Photo-catalytic reaction primarily depends on wavelength or light (photon) energy and 

the catalyst. In general, semiconducting materials are used as a catalyst which performs 

as sensitizers for the irradiation of light stimulated redox process due to their electronic 

structure, which is characterized by a filled valence band and a vacant conduction band. 

Fig.4 shows the schematic representation of semiconductor photo-catalytic mechanism. 

The fundamental steps in the process of semiconductor photo-catalysis are as follows. 

 When the light energy in terms of photons fall on the surface of a semiconductor 

and if the energy of incident ray is equivalent or more than the band gap energy of 

the semiconductor, the valence band electrons are agitated and move to the 

conduction band of the semiconductor. 

 Holes would be left in the valence band of the semiconductor. These holes in the 

valence band can oxidize donor molecules and react with water molecules to 

generate hydroxyl radicals (The hydroxyl radicals have strong oxidizing power 

responsible for the degradation of pollutants). 
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Fig. 4: Schematic representation of semiconductor photo-catalytic mechanism 

 

 The conduction band electrons react with dissolved oxygen species to form 

superoxide ions. These electrons induce the redox reactions. 

 These holes and electrons could undergo successive oxidation and reduction 

reactions with any species, which might be adsorbed on the surface of the 

semiconductor to give the necessary products. 

 

2.11.2 Description of oxidation mechanism 

The photo-catalyst surface contains water, which is mentioned as “absorbed water”. 

This water is oxidized by positive holes created in the valence band due to the electrons 

shift to the conduction band as a result of light irradiation, thus making way for the 

formation of hydroxyl (OH∙) radicals (agents which have strong oxidative decomposing 

power).  

Afterward, these hydroxyl radicals react with organic matter present in the dyes. If 

oxygen is present when this process happens, the intermediate radicals in the organic 

compounds along with the oxygen molecules can experience radical chain reactions 

and consume oxygen in some cases. In such a case, the organic matter finally 

decomposes ultimately becoming carbon dioxide and water [65, 66]. Under such 

circumstances, organic compounds can react straightly with the positive holes, resulting 

in oxidative decomposition. The complete oxidation processes were shown in Fig. 5. 
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Fig. 5: Schematic representation of oxidation mechanism 

2.11.3 Description of reduction mechanism 

Fig. 6 represents the reduction process, the reduction of oxygen contained in the air 

occurs as a pairing reaction [67]. Reduction of oxygen takes place as an alternative to 

hydrogen generation due to the fact that oxygen is an easily reducible substance. The 

conduction band electrons react with dissolved oxygen species to form superoxide 

anions. These superoxide anions attach to the intermediate products in the oxidative 

reaction, forming peroxide or changing to hydrogen peroxide and then to water. The 

reduction is likely to occur more easily in organic matter than in water. Therefore, the 

higher concentration of organic matter tends to increase the number of positive holes. 

This reduces the carrier recombination and enhances the photo-catalytic activity [67].  
 

 
Fig. 6: Schematic representation of reduction mechanism 
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2.11.4 Operating and affecting parameters of photo-catalysis 

The rate of photo mineralization of an organic compound by photo-catalysis method 

primarily depends on the following parameters: structure, shape, size, and surface area 

of the catalyst, reaction temperature, pH, light intensity, amount of catalyst, and 

concentration of wastewater [68]. 

 

2.11.4.1 Crystal structure, shape, size, and surface area of catalyst 

The structure of catalyst plays a key role in achieving superior photo-catalytic activity. 

For example, TiO2 material has three phases such as anatase, rutile and brookite. But 

the most sensitive and attractive phase is the anatase phase having a notable photo-

catalytic activity due to its stability, the position of the conduction band, the higher 

degree of hydroxylation and adsorption power [69]. On the other hand, morphology 

also acts as a potential factor that influences the final degradation efficiency which was 

reported earlier [68]. It is reported that spherical-shaped CuO samples show higher 

efficiency compared with the spindle and rod-shaped CuO samples due to its large 

surface area. Nanomaterials having large surface area and smaller size are compared 

with bulk materials so that it can effectively show higher efficiency in the photo-

catalytic reaction. When compared with bulk CuO, the nanosized CuO material shows 

more efficient for water purification and recycling ability due to their smaller size [70]. 

When the size of the catalyst is smaller, a huge number of atoms are accumulated on 

the surface of a catalyst which leads to increase in surface to volume ratio. This property 

enhances number of active sites and interfacial charge carrier transfer rates thereby 

achieving higher catalytic activities. And also it is well known that the photo-catalytic 

redox reaction mainly takes place on the surface of the photo-catalysts and so the 

surface properties significantly influence the efficiency of catalyst [71]. 

 

2.12 Characterization Techniques:  

2.12.1 X-Ray Diffraction (XRD)  

The phenomenon of XRD is based upon the interaction of X-rays with the periodic 

atomic structure of crystals. German scientist Max von Laue in 1912 first made the 

point that, “if crystals were composed of regularly spaced atoms which act as scattering 

centers for X-rays, and if X-rays were electromagnetic wave of wavelength about equal 
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to the interatomic distance in crystals, then it should be possible to diffract X-rays by 

means of crystals” [71]. Under his direction the first attempt of experiments to test this 

hypothesis was made by Friedrich and Knipping, and they were successful (at their 

second attempt) in proving the wave nature of Xrayand the periodicity of atom 

arrangement in crystals. However, it was the English physicist W. H. Bragg and his son 

W. L. Bragg, who successfully analyzed the Laue experiment, and expressed the 

necessary conditions for diffraction in a simple mathematical form. 

  

2.12.1.1 Principle  

In case of XRD, X-rays impinge upon the different atoms in the crystal, and are 

scattered. When these scattered rays interfere with each other they cause a variation in 

amplitude for different scattered directions, those directions with large amplitude being 

considered as diffracted rays. In the scattering process, if there is a difference in the 

length of path travelled by the incident and scattered rays this leads to difference in 

phase and to different interference conditions and thus different strength diffraction in 

various directions. We can view the interaction of X-rays with a crystal as due to 

reflection from atomic planes, see Fig-7. In Fig-7, the necessary conditions for 

diffraction in a crystal are described. 

 

Fig.7: A Philips PW 3040 X’Pert Pro X-ray diffractometer 

2.12.1.2 Bragg’s Law  

When an incident X-ray beam makes an angle ϕ with respect to the lattice planes (this 

angle ϕ is equal to the angle of reflection), a diffracted beam may be formed. 
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Fig. 8: Bragg’s diffraction pattern 

 

Fig. 8: shows diffraction of X-rays by a crystal, where d is the difference between crystal 

planes. Reflected rays A and B will be completely in phase if this path difference is equal 

to whole number n of wavelength, or if  

nλ =2dsin ϕ 

This relation was proposed by W.L. Bragg and is known as Bragg’s law. It states the 

essential conditions which must be met if diffraction from a set of planes is to occur. n 

is called the order of diffraction. It may be any integral value which is consistent with 

sinϕ not exceeding unity and is equal to the number of wavelengths in the path 

difference between rays scattered by adjacent planes. Therefore for fixed values of λ 

and d, there may be several angles of incidence ϕ1, ϕ2, ϕ3,…..at which diffraction may 

occur, corresponding to n=1,2,3,…. So in a first order diffraction (n=1), the scattered 

rays A and B of Fig-4 would differ in path length (in phase) by one wavelength. The 

rays scattered by all the atoms in all planes are therefore completely in phase, and 

reinforce one another (constructive interference) to form diffracted beam in the 

direction shown. In most other directions of space the scattered beams are out of phase, 

and null each other (destructive interference). The diffracted beam is generally weak 

compared to the incident beam as the plane reflects only a small fraction of the energy 

incident on them. So in summary, we can say in a perfect crystal atoms are arranged 

periodically in space, in a few directions, those satisfying Braggs law. The scattering is 

strong, as a result diffraction is observed. The angle at which diffracted beams are seen 
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allow one to deduce the interplannar spacing d. Thus one can identify the composition 

of samples, their state of strain, material texture and crystallite size.   

2.12.1.3 XRD setup: 

 
Fig. 9: A simple diagram of optics used in the XRD instrument.  

 

In XRD, a collimated beam of X-rays typically ranging from 0.5-2.5 Å is used as a 

source [16]. For diffraction a monochromatic X-ray source is needed and the source is 

generally a metal anode bombarded by high energy electrons which gives off both 

characteristics line spectrum X-rays and continuum (Bremsstrahlung) radiation. 

Generally, the stronger kɑ radiation is used and kβ radiation is filtered. In our system, 

Cu kɑ radiation is used where λ=1.54*10-10 m. The purpose of the Gobble mirror (a 

curved mirror) is to collimate the divergent beam coming from the point-like source in 

the X-ray tube anode. The mount in the diffractometer where the sample sits is called 

the goniometer. The goniometer allows the altering of orientation of the sample. 

Depending on the number of degrees of freedom of goniometer, and the allowed 

movement of the source and/or the detector the XRD system can be called a ‘one-

circle’, ‘two-circle’ diffractometer etc. The diffractometer used for this thesis work is a 

‘four-circle’ diffractometer, a three circles goniometer plus a movable detector. The 

function of the solar slit is to remove any randomly scattered nonparallel X-rays. The 

detector used is a scintillation detector, which is a single photon detector. When the 

incident X-ray strikes the fluorescent crystal (scintillator) at the front of the detector a 
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visible photon is produced. A photocathode struck by a photon ejects an electron. A 

series of dynodes after the scintillator/photocathode amplifies the electron into a 

detectable electrical pulse.  

As stated earlier in the discussion of Bragg’s law using XRD one can address issues 

related to crystal structure of solids. The crystal information which can be extracted 

includes-  

1. Identification of unknown materials phases  

2. Lattice constant and symmetry measurement  

3. Orientation of single crystals and preferred orientation of poly-crystals  
4. Crystal quality (of bulk and thin crystal phases) measurement  

5. Quantification of crystal defects, stress etc.  

In addition, it is a non-destructive technique.  Different XRD modes are used to examine 

the nanostructures grown in this work as follows-  

 θ-2θ mode:This mode is used to study which crystallite planes are parallel to the 

substrate surface, and thus give evidence either for deposit poly-crystallinity or texture. 

The angle between the source and the scattered beam (2θ) at which diffraction is seen 

defines the interplanar spacing (d) of the layers responsible. The symmetrical 

source/scatter beam arrangement means we only see contribution from planes parallel 

to the substrate.  

 ω (or rocking curve) mode: In case any evidence is found for texture structure in the 

θ-2θ mode, this mode reveals the degree of preferential alignment.  

 φ mode: This mode is to study the in-plane alignment to determine epitaxial 

relationship if there is evidence of highly textured growth. [72]. 

 

2.12.2 Field Emission Scanning Electron Microscope (FESEM)  

FESEM is a technique that uses electrons as a substitute of light to form an image. Since 

their development in the early 1950's, FESEM has allowed researchers to examine a 

much bigger variety of specimens. FESEM has a large depth of field, which allows 

more of a specimen to be in focus at one time, FESEM also has much higher resolution, 

so closely spaced specimens can be magnified at much higher levels. Because FESEM 

uses electromagnets rather than lenses, the researcher has much more control in the 

degree of magnification [73, 74]. It is an instrument that produces a largely magnified 
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image by using electrons instead of light to form an image. A beam of electrons is 

produced at the top of the microscope by an electron gun and the electron beam follows 

a vertical path through the microscope, which is held within a vacuum, the beam travels 

through electromagnetic fields and lenses, which focus the beam down towards the 

sample. Once the beam hits the sample, electrons and X-rays are ejected from the 

sample, as can be observed in Fig-10. The detectors collect these X- rays, backscattered 

electrons, and secondary electrons and convert them into a signal that is sent to a screen 

similar to a television screen, which produces the final image. It is generally of non-

destructive nature, though sometimes it can cause sample damage due to high energy 

electron beam irradiation. [74] 

 

                                  Fig. 10: Schematic diagram of FESEM 

2.12.2.1 Principle  

When an electron beam bombards a solid surface, the incident electrons are scattered.  

The electron scattering can be divided into two categories, elastic and inelastic 

scattering, but the speed remains constant. Hence, the kinetic energy of the incident 

electron remains the same. During an inelastic event, part of the energy of the incident 

electron is transferred to its colliding partner. Secondary electron, Auger electrons and 

X-ray are produced by the inelastic scattering events, as shown in the following fig. 10 
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A Field Emission SEM (FESEM) is a type of SEM where a field-emission cathode in 

the electron gun of a SEM provides narrower probing beams at low currents as well as 

high electron energy, resulting in both improved spatial resolution and minimized 

sample charging, and damage. It is used for applications which demand the highest 

magnification possible. The types of signals produced by a SEM as shown in Fig.10 

include, secondary electrons (SEs), back-scattered electrons (BSE), characteristic X-

rays, light, specimen current (LSC), transmitted electrons (TE) and Auger electrons 

(AE). SEs are sample electrons excited from the top surface layer of the specimen (0-

10 nm). They are defined as having energy range 0-50 eV with the majority having 

energy of 3 to 5 eV. They produce the image of the surface of the sample and give 

information on sample topography. The emission of secondary electrons from each 

point on the specimen surface is dependent on its shape. BSEs are scattered beam 

electrons that emerge from greater depths in the sample. They are defined as electrons 

those having energy greater than 50 eV with the majority having energy approximately 

¾ of the incident electron beam (probe energy). The number of BSEs that are emitted 

is strongly dependent on the mean atomic number of the specimen at the point of impact 

of the beam. So, as the atomic number increases, the greater the number of electrons 

that are backscattered. BSEs give depth information and atomic number contrast within 

the image. Thus, BSE images can provide information about the distribution of different 

elements in the sample. Characteristic X-rays are emitted when the electron beam 

removes an inner shell electron from the sample, causing a higher energy electron to 

fill the shell and release energy as an X-ray with characteristic energy. These 

characteristic X-rays are used to identify the atomic composition, and measure the 

abundance of elements in the sample. CL light is generated by some specimens that 

contain electroluminescent materials. CL will be described in more detail in the next 

section of this chapter. SC is the electron flow out of the specimen to earth, and if an 

amplifier is placed in the return path of electrons to earth its value can be measured, 

and can be also be used for imaging. TEs can be detected provided the sample is 

exceptionally thin. AE are un-scattered electrons produced via ionization of sample 

atoms, and have energies characteristic of the atoms.  
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Fig. 11: A Photo of FESEM JSM-7600F 

 

The most common or standard detection mode, secondary electron imaging or SEI is 

used to produce two-dimensional scan with topographical feature information about the 

specimen. Secondary electron detectors are common in all SEMs, but it is rare that a 

single machine would have detectors for all possible signals. The signals result from 

interactions of the electron beam with atoms at or near the surface of the sample. SEM 

can produce very high-resolution image at or near the sample surface revealing details 

at nm scales due to the small wavelengths of higher energy electrons which allows 

better microscopic resolution. In case of field emission this resolution is much better 

and produces clearer, less electrostatically distorted images. Also, high quality, low 

voltage images are obtained with negligible electrical charging of samples [19].  

The FESEM instrument used for much of the present thesis work is a JEOL JSM 7500F 

field emission system as shown in Fig-11. The JEOL JSM 7500F is a computer 

controlled high resolution FESEM which produces exceptional images at both normal 

and low operating voltages.  

 

2.12.3 Fourier Transform Infrared Spectrometer (FTIR) 

FTIR stands for Fourier Transform Infrared, where some of the infrared radiation is 

absorbed by the sample and some of it passes through (transmitted). The resulting 
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spectrum represents the molecular absorption and transmission, creating a molecular 

fingerprint of the sample [20]. It can identify unknown materials, can determine the 

quality or consistency of a sample and can determine the number of components in a 

mixture [20, 21].  

These instruments separate the individual frequencies of energy emitted from the 

infrared source. An infrared prism works exactly the same as a visible prism which 

separates visible light into its colors (frequencies). The detector measures the amount 

of energy at each frequency which has passed through the sample [22]. Fourier 

transform infrared spectroscopy is preferred over dispersive or filter methods of 

infrared spectral analysis for the following reasons:  

 

 

 

Fig. 12: Schematic illustration of an FTIR system 

 
a. It is a non-destructive technique.  

b. It can increase speed, collecting a scan every second.  

c. It can increase sensitivity within one second scans can be co-added together to ratio 

out random noise.  

d. It has greater optical throughput.  

e. It is mechanically simple with only one moving part.  

Fourier Transform Infrared (FTIR) spectrometry was developed in order to overcome 

the limitations encountered with dispersive instruments. The main difficulty was the 

slow scanning process. Method for measuring all of the infrared frequencies 
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simultaneously, rather than individually, was needed. A solution was developed which 

employed a very simple optical device called an interferometer [77]. Thus, the time 

element per sample is reduced to a matter of a few seconds rather than several minutes. 

Most interferometers employ a beam splitter which takes the incoming infrared beam 

and divides it into two optical beams. One beam reflects off of a flat mirror which is 

fixed in place. The other beam reflects off of a flat mirror which is on a mechanism 

which allows this mirror to move a very short distance (typically a few millimeters) 

away from the beam splitter [76]. The two beams reflect off of their respective mirrors 

and are recombined when they meet back at the beam splitter, this is because the path 

that one beam travels is a fixed length and the other is constantly changing as its mirror 

moves, the signal which exits the interferometer is the result of these two beams 

“interfering” with each other. The resulting signal is called an interferogram which has 

the unique property that every data point (a function of the moving mirror position) 

which makes up the signal has information about every infrared frequency which comes 

from the source. This transformation is performed by the computer which then presents 

the user with the desired spectral information for analysis.  

 

2.12.3.1 FTIR peak analysis 

There are about 20 main asymmetric absorption bands which are typical for high 

molecular compounds with irregular structure. Spectra differ from each other in band’s 

intensity, but the number of bands and their frequencies are similar. Strong wide band 

between 3500 cm-1–3100 cm-1 assigned to O-H stretching vibrations. This band is 

caused by presence of alcoholic and phenolic hydroxyl groups involved in hydrogen 

bonds. The intensity of the band increases during demethylation and decreases during 

methylation since during demethylation the O-CH3 bonds in methoxyl groups bonded 

to 3rd or 5th carbon atom of the aromatic ring is splinted and CH3 is replaced by a 

hydrogen atom producing a new OH group. During methylation the O-H bonds are 

splited and H is replaced by CH3 group and amount of OH group is decreasing hence 

intensity of the band is decreasing [75].  

Bands at 2920 cm-1 and 2850 сm-1 to С─Н stretching vibrations of the methoxyl group. 

Absorption bands caused by stretching vibrations of carbonyl groups are located in the 

(1765-1615) сm-1 wavenumber range.  
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The absorption band at 1660 сm-1 is referred to conjugated carbonyl groups. The 

absorption band at 1720 сm-1 is assigned to carboxyl group. Stretching vibrations of 

С═С bonds are found in the (1608-1626) сm-1 region. Deformation vibrations of С─Н 

bonds related to double bonds are normally located in the region (988-960) сm-1.  

IR spectra of absorption band at (1585-1580) сm-1, assigned to aromatic rings, 

conjugated with α-carbonyl group. As regarding absorption bands at 1465 сm-1 and 

1420 сm-1, there is no consensus concerning their assignment. The absorption band at 

1420 сm-1 to deformation vibrations of the С-Н group in the aromatic ring. On the other 

hand, the absorption band at 1420 сm-1 relates to symmetric bending vibrations of C-H 

bonds in methoxyl groups, while the band at 1465 сm-1 was assigned to both СН2-, and 

ОСН3- groups [23]. 

The band at (1450-1420) сm-1 to aromatic ring vibrations. The absorption band at 1430 

сm-1 both to asymmetric deformation vibrations of C─H bonds in methoxyl groups and 

to vibrations of the aromatic ring. The absorption bands at 1360 сm-1 and 1210 сm-1 are 

caused by vibrations of phenolic hydroxyls.  

The absorption bands at 1380 сm-1 and 1340 сm-1 to phenolic hydroxyls and absorption 

bands at 1365 сm-1 to symmetric deformation vibrations of С─Н in metoxyl groups 

Pilipchuk observed an intensity increase of the absorption bands at 1370 сm-1 in the 

spectra of methylated and acetylated lignin samples while the bands are absent in the 

demethylated lignin spectra. Hence the absorption bands were assigned to symmetric 

deformation vibrations of С-Н in metoxyl groups [76].  

The intensity increases of the absorption band between (1240-1210) сm-1 in the spectra 

of methylated and acetylated lignin allows to relate the band to asymmetric stretching 

vibrations of the С-О-С linkages in ethers and esters or to phenolic hydroxyls [75].  

The bands at 1190 сm-1, 1125 сm-1 and 1031сm-1 originates from methoxyl groups and 

the bands at (1090-1075) сm-1 and 1040 сm-1 emanates from primary and secondary 

alcoholic groups. The absorption bands at 1160 сm-1 and 1040 сm-1 to deformation 

vibrations of the С-Н bonds on benzene rings.  

The bands at 1100 сm-1, 1072 сm-1 and 1033 cm-1 might be caused by vibrations of С=О 

bonds in primary and secondary alcoholic groups and the bands at 1130 cm-1  and 1030 

cm-1 might be caused by dialkyl ether bonds [75].  
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2.12.4 UV-Visible Spectroscopy  

An instrument uses in the ultraviolet-visible spectroscopy is called UV-Visible 

spectrometer. The wavelength of UV is shorter than the visible light. It ranges from 100 

to 400 nm. In a standard UV-Vis spectrophotometer, a beam of light is split; one half 

of the beam (the sample beam) is directed through a transparent cell containing a 

solution of the compound being analyzed, and one half (the reference beam) is directed 

through an identical cell that does not contain the compound but contains the solvent. 

The instrument is designed so that it can make a comparison of the intensities of the 

two beams as it scans over the desired region of the wavelengths. If the compound 

absorbs light at a particular wavelength, the intensity of the sample beam (IS) will be 

less than that of the reference beam. Absorption of radiation by a sample is measured 

at various wavelengths and plotted by a recorder to give the spectrum which is a plot 

of the wavelength of the entire region versus the absorption (A) of light at each 

wavelength. And the band gap of the sample can be obtained by plotting the graph 

between (αhν vs hν) and extrapolating it along x-axis. Ultraviolet and visible 

spectrometry is almost entirely used for quantitative analysis; that is the estimation of 

the amount of a compound known to be present in the sample. The sample is usually 

examined in solution [23]. 

 
Fig. 13: Schematic diagram of UV-Visible spectrometer



              

 

CHAPTER 3 

EXPERIMENTAL METHODS AND CHARACTERIZATION 

TECHNIQUES 

 
A detailed description about nanoparticle creation technique used in my thesis (sol-gel 

auto-combustion method) is discussed briefly in this chapter. Besides different 

characterization techniques used for analyzing prepared NPs are discussed here. 

3.1 Precursors  

Copper nitrate (Cu(NO3)2.3H2O), Cerium Nitrate Hexahydrade [Ce(NO3)4.6H2O] were 

used as precursors for Cu and Ce (99% pure). Citric acid acts as fuel here. Fuel & 

Oxygen ratio plays a vital ratio here. Copper oxide has two stable oxide form as CuO 

and Cu2O. Formation of either CuO or Cu2O depends on this fuel & oxygen ratio. A 

favorable fuel oxygen ratio has been chosen. Water was used as solvent in the 

preparation process. NH3 solution was used for changing the acidic solution to normal 

solution by increasing pH to 7.0. An overview of required chemicals is shown below.  

3.2 Synthesis of CuO and Ce Doped CuO NPs 

3.2.1 Experimental setup 

CuO NPs were prepared via a simple sol-gel auto-combustion route at low temperature 

and low-cost method. A magnetic stirrer with heater required for preparing CuO NPs. 

Some beakers and a glass rod with this magnetic stirrer are enough for synthesizing 

NPs. 

  

Fig 14: Experimental setup for the preparation of CuO & Ce doped CuO NPs. 
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3.2.2 Synthesis of pure CuO NPs 

CuO NPs were prepared using copper nitrate tri-hydrate as a copper precursor and citric 

acid as a fuel. These precursor and fuel were taken to two separate 500 ml beaker at 

room temperature. Sufficient distilled water was added to these beakers to make 

solution. Magnetic stirrer was used for dissolving copper nitrate and citric acid into 

water and creates white solution after dissolving into water. The solutions were mixed 

for approximately twenty minutes under constant stirring. After that the citric acid 

solution was added to copper nitrate solution. That is the final solution for preparing 

CuO NPs [78-80]. 

 

Fig 15: Synthesis process of CuO NPs 

3.2.2.1 Conditions 

1. As earlier mentioned, fuel and oxygen ration plays a vital role here. The more citric 

acid in the solution, the easier the auto-combustion. For easy auto-combustion process 

fuel : oxidant ratio was selected as 1:1. To do so, some calculations were performed;  

Atomic mass of copper nitrate and citric acid is 241.6 gm and 192 gm respectively. As 

to maintain fuel oxidant ratio, it should be 241.6 :192. But this huge amount NPs were 

not necessary to be created. So copper nitrate and citric acid were taken as 24.16 gm 

and 19.2 gm.  
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2. pH plays a major role in this experiment. For getting good NPs it is required to put a 

constant pH value at 7.0.  

The color of Cu(NO3)2.3H2O and citric acid was blue and white respectively. Both 

solutions were prepared separately. When citric acid solution was added to copper 

nitrate solution it turns into green solution. Besides color changes, pH changes drastically 

to 1.0. But pH 7.0 is required to acquire good quality nanoparticle. This solution was placed 

on hotplate with magnetic stirrer. This solution needs to be stirred constantly. At this stage, 

the heater was started. Initially the temperature was low, almost 50 degree. At this 

temperature the solution gets mixed properly as well as pH needs to be adjusted. A pH 

meter or analogous pH paper is required to check solutions pH. To increase pH value, NH3 

solutions were added. The pH value needs to check simultaneously while adding NH3 

solution for safety. Otherwise if solutions pH become more than 7.0, acidic solution needs 

to be added. After the solutions pH becomes 7.0, then the temperature was raised gradually. 

But it is better to maintain (50-60) degree temperature while gel formation. After gel is 

formed, then let citric acid be performed as fuel and start auto-combustion. While 

increasing heater temperature to 80-90 degree, the gel began to burn. The CuO NPs were 

found from the ashes of the burned gel. 

 

Fig 16: Schematic diagram of preparation of CuO NPs. 
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3.3 Synthesis of Ce doped CuO NPs  
Our research also represents the Ce doping effect on CuO NPs. Ce NPs were doped at 2%, 

4%, 6% and 8 mole% concentration. The procedure of Ce NPs on CuO are given below: 

3.3.1 Required Chemicals: The amount of required chemicals is given in table 2. 

Table 2: Required chemicals for preparing pure and Ce doped CuO NPs. 

  

3.3.2 Preparation of Ce doped CuO NPs  

The preparation procedure of Ce doped CuO NPs remain almost same as pure CuO NPs. 

The additional step for doped CuO is just addition of Ce(NO3)3.6H2O aqueous solution. An 

aqueous solution of Ce(NO3)4.6H2O was prepared. The necessary amount of 

Ce(NO3)3.6H2O is showed in Table 2. The solution of Cu(NO3)2.3H2O and Ce(NO3)3.6H2O 

was added in a beaker. Then the solution turns into green color. pH of the solution tends to 

almost 1.0 for all doped CuO NPs samples. After that citric acid was added slowly in that 

solution. To increase pH of these solutions to 7.0, NH3 solution was added. Addition of 

NH3 solution to the beaker makes the color black. The rest procedure is same as preparation 

of pure CuO NPs. 

3.4 XRD Experimental Setup 

 

Fig. 17: Instrumental setup for XRD measurement. 

Samples Cu(NO3)2.3H2O 
(mole%) 

[Ce(NO3)3.6H2O] 
(mole%) 

Citric 
acid(C6H8O7)(mole%) 

Pure CuO  100% 0% 100% 

2% Ce doped CuO 98% 2% 100% 

4% Ce doped CuO 96% 4% 100% 

6% Ce doped CuO 94% 6% 100% 

8% Ce doped CuO 92% 8% 100% 



  

Chapter 3: Experimental methods and characterization techniques 
 

36 
 

3.5 Field Emission Scanning Electron Spectroscopy setup 

 

Fig. 18: FESEM setup for taking images of NPs 

3.6 UV-Visible Experimental Setup: 

 

Fig. 19: UV-Vis experimental setup 
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3.7 FTIR Setup: 

 

Fig. 20: FTIR setup for experimental setup. 

3.7 Photo-catalysis Activity Experimental Setup: 

 

Fig. 21: Homemade photo-catalytic chamber



              

CHAPTER 4 
RESULTS AND DISCUSSION 

In the previous chapter, we discussed the synthesis procedure of CuO and Ce doped 

CuO NPs. In this chapter we will discuss the analysis process and the obtained result 

from the characterization analysis. 

4.1 Sample Preparation Procedure for Characterization:  

 For FESEM analysis, all prepared samples were dissolved in Isopropanol. Then 

the samples were ultrasonic sized by ultrasonic probe. Samples were in a 50ml 

vial. Then using ultrasonic probe, the particles were properly separated in the 

solution. After this, 2-3 droplets samples were taken from the solution and dried 

it to room temperature. This process helps to take clearer FESEM images.  

 For XRD characterization, samples were annealed at 500C temperature. A 

furnace was used for annealing NPs. All of the samples were annealed at the 

same temperature. After annealing, the samples were ready for XRD 

characterization. 

 Sample procedure for FTIR and XRD remains same.  

 For optical analysis, our prepared samples were used in UV-Visible optical 

analysis. No need to further processing. 

 For Raman Spectroscopy analysis no further processing is required. 

Now our sample is prepared. It is time to characterize the samples. The results were 

obtained from different characterization is discussed below: 

4.2 Field Emission Scanning Electron Microscopy (FESEM) 
The morphology of pure and Ce doped CuO NPs were studied by FESEM. fig. 22 shows 

the magnified FESEM micrographs for pure CuO, 2%, 4%, 6% and 8 mole% Ce doped 

CuO samples respectively. These figures show the presence of fine spherical aggregates 

of smaller individual NPs of various sizes. It is clear from the highly magnified images 

of our samples shown in the figure.  The pure and Ce doped CuO particles exhibit 

uniform shape and narrow size distribution with particle size in the range of (14–20) 

nm. After the incorporation of Ce with CuO the particle size reduced to 20 nm to 14 nm with 

increasing the Ce concentration up to 8 mole% and the distribution of size become more 

uniform. The trend of the reduction of grain size of NPs matches with the observations of XRD 

spectra. All these images confirm that Ce is successfully doped in CuO nanostructure 
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and the particles are composed of many single crystallites of varying size and 

orientation without any major lattice defects.  

   

                              Image: a                                                        Image:b 

    

                            Image: c                                                          Image: d 

 

Image: e 

Fig.22: FESEM images of (a) Pure CuO, (b) 2 mole% Ce, (c) 4 mole% Ce, (d) 6 

mole% Ce, (e) 8 mole% Ce doped CuO NPs. 



 

Chapter 4: Results and Discussion 

 

40 
 

4.3 EDS Analysis  

Fig.23 shows the elemental analyses of pure CuO NPs and Ce doped CuO NPs analy-
zed by EDS. It is obviously observed that the EDS spectrum of pure CuO NPs only 
contains Cu element and O element, which demonstrates that the resultant NPs are pure 
CuO NPs. The EDS result of Ce doped CuO NPs presents that except for Cu and O 
elements, Ce element is also contained in the NPs. No other peak associated with 
impurities is observed in Fig. 23 indicating that the fabricated NPs are Ce-doped CuO 
NPs.  

           
                                 (a)                                                                  (b) 

          

                                             (c)                                                                              (d) 

 

                               (e) 

Fig. 23: EDS spectra of (a) pure CuO , (b) 2% Ce, (c) 4% Ce, (d) 6% Ce and (e) 8 

mole% Ce doped CuO NPs. 
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4.3.1 Atom (%), mass (%), material presents in the samples  

Table-3 is generated from EDS analysis of the samples while taking FESEM images. 

This table confirms the presence of Copper (Cu), Oxygen (O) and Cerium (Ce) in the 

corresponding samples. Besides XRD, confirmation of the particle can be known via 

EDS analysis. 

 

 
Table 3: Material presence, atoms (%) and mass (%) of the pure CuO & Ce 

doped CuO NPs samples. 

 

Samples 

Materials 

 

Mass (%) 

 

Atom (%) 

 

Pure Cuo Copper(Cu) 94 79.78 

Oxygen(O)  6 20.22 

2 mole% Ce doped CuO Copper(Cu)  58.03 26.63 

Oxygen(O)  40.05 72.97 

Cerium(Ce) 1.92 0.40 

4 mole% Ce doped CuO Copper(Cu)  20.53 7.53 

Oxygen(O) 61.41 89.47 

Cerium(Ce) 18.06 3.00 

6 mole% Ce doped CuO Copper(Cu)  15.52 4.89 

Oxygen(O)  74.95 93.75 

Cerium(Ce) 9.53 1.36 

8 mole% Ce doped CuO Copper(Cu)  10.27 2.96 

Oxygen(O)  84.02 96.29 

Cerium(Ce) 5.71 0.75 
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4.4 X-ray Diffraction (XRD) 
The structural characteristics of the prepared samples have been investigated through 

XRD. In this part, the XRD patterns of pure CuO and Ce doped CuO samples are 

characterized that are discussed below.  

 

4.4.1 Reitvelt analysis of pure and Ce doped CuO NPs 

Reitvelt analysis [81] reveals almost every information of structural information of 

nanoparticles. It gives the phase of the structure, atomic positions in the structure, 

micro-strain, bond lengths between two neighboring atoms, bond angles and other 

necessary information for studying structural properties of nanoparticles. It also gives 

3D structural information of the specific NPs. Here in this work Fullprof suite [82] 

software was used to study the CuO NPs by Reitvelt analysis. 
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                                                      (e)  

Fig. 24: Reitvelt analysis of (a) pure CuO NPs, (b) 2% Ce, (c) 4% Ce, (d) 6% Ce 

and (e) 8 mole% Ce doped CuO NPs. 
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4.4.2 3D structure of pure CuO and Ce doped CuO NPs 

                                                                                              

                              (a)                                                  (b) 
 

 
 

                               (a)                                               (d) 

 

                                                            (e) 

Fig. 25: Crystal structure of (a) pure CuO NPs, (b) 2% Ce, (c) 4% Ce, (d) 6% Ce 

and (e) 8 mole% Ce doped CuO NPs obtained by Reitvelt analysis. 
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After Reitvelt analysis we get a 3D structure of the CuO NPs. Now using VESTA [83] 

software, for pure CuO NPs, calculated Cu-O bond length 1.90455Å, Cu-Cu distance 

is 3.08401 Å & Cu-O-Cu bong angle is 104.380.  Variation of Cu-Cu bond length, Cu-

O bond length or band angle due to doping on CuO NPs can be analyzed by performing 

Reitvelt refinement. We can also calculate particles size, bond angle, bond length from 

Reitvelt refinement analysis of NPs. We can use these methods to study the structural 

effect of Ce NPs on CuO NPs. 

 

4.4.4 XRD spectra of pure CuO & Ce doped CuO NPs 

Figure 26 exhibits the XRD spectra of pure CuO and Ce doped CuO NPs. For analysis 

simplicity, XRD spectra of all samples were plotted in one graph. The XRD spectra of 

pure CuO NPs was plotted at the bottom of the graph and the Ce doped CuO NPs XRD 

were plotted vertically above the pure CuO NPs graph.  

The diffraction peaks observed for the crystal planes (110), (-111), (111), (-202), (020), 

(202), (-113), (-311) and (220) at 2θ = 32°, 35°, 38°, 48°, 53°, 58°, 61°, 66° and 68° 

confirmed the monoclinic crystalline planes of CuO  [86]. The sharp diffraction peaks 

in the XRD patterns elucidate that CuO is highly crystalline in nature. However, the 

increasing of doping concentration of Ce levels decreases the intensity of diffraction 

peaks. The degrading of crystalline quality of CuO suggests that the increase of doping 

concentration deteriorates the crystal structure. In contrast with the undoped CuO a 

small peak was obtained at 2θ = 28.5° corresponding to (111) diffraction peak of CeO2 

[85] appears in Ce-doped CuO nanoparticles because of the doping of Ce ions. 

Moreover, by comparing XRD profiles between pure CuO NPs and Ce-doped CuO 

NPs, the diffraction peaks of Ce doped CuO NPs have a small shift (~0.31 degree) to 

higher angle. The atom radius of Ce4+ (87 pm) is larger than that of substituted Cu2+ (74 

pm), which would be led to larger CuO lattice. According to Bragg diffraction equation 

that lattice constant is in proportion to d (interplanar distance), diffraction peaks will 

shift to smaller degree with increasing atom radius, indicating the incorporation of Ce 

ions into the CuO lattice. The XRD results also demonstrate that the synthesized NPs 

are the compound phase with CuO of a monoclinic structure and CeO2 of a cubic 

structure. There are no impurity peaks except Ce element conspicuously in the XRD 
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patterns, so the samples are CuO of monoclinic structure and CeO2 of cubic structure 

with high purity. 

As Cu, O and Ce NPs presence has been confirmed already by XRD, we may look into 

more deeply through XRD analysis. We already showed our Reitvelt analysis result 

previously. Reitvelt analysis provides values of FWHM, d-spacing, peak position, peak 

center, relative intensity, particle size and so many info. These information helps to 

understand the doping effect of Ce NPs over CuO NPs. Such that: Changes of peak 

position to higher or lower 2ϴ values due to doping effect, change of peak position, 

change of peak center, change of lattice parameters (a, b, c) etc.  
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Fig. 26: Intensity distribution of Pure CuO and Ce doped CuO NPs. 
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There are several peaks in the XRD pattern. Every peaks shows similar tendency. As 

Ce is doped on CuO NPs, the position of peak change to higher or lower 2ϴ position 

depending on Ce concentration; peak center, FWHM, d-spacing also changes. If we 

study one single peak properly we don’t need to analyze other peaks as all the peaks 

show same tendency. Besides, it is very difficult to study every peak in X-Ray 

diffraction pattern as well as this will give the same result. 
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Fig. 27: Magnification of XRD pattern of (-111) plane 
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Fig. 28: Variation of peak position due to Ce doping on CuO NPs. 

In our XRD analysis we study (-111) peak only as it is the dominant one. This peak has 

the highest intensity among all other peaks in the XRD spectra and this peak gives the 

value higher than one. So, this peak can be chosen to be analyzed. 

The most interesting thing in the above figures is that when Ce NPs were added to pure 

CuO NPs, the peaks are moving to higher and lower 2ϴ position alternately. Fig. 27. 

This can be explained using lattice strain. Lattice strain may be originated from thermal 

or mechanical stress or any other sources of stress. Variation of bond length can also 

develop lattice strain. This lattice strain changes d-spacing. d-spacing may increase or 

decrease depending on lattice strain. The Bragg angle should either decrease or increase 

when d-spacing changes.  
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Fig. 29: Variation of FWHM of (-111) plane due to Ce doping on CuO NPs. 
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Fig. 30: Variation of of d-spacing due to Ce doping on CuO NPs. 
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Fig. 30(b): Variation of micro strength due to Ce doping on CuO NPs. 

Thus, uniform compressive strain with decreasing the d-spacing shifts a Bragg’s peak 

to higher 2θ value, whereas the uniform tensile strain with increasing the d- spacing 

shifts a Bragg’s peak to lower 2θ value in the spectrum [12]. We say a uniform stress 

has been developed along (-111) plane. As d-spacing is increased while increasing Ce 

concentration, we consider a uniform strain (hence stress) has been created. Stress, 

strain can be calculated using various equations. Particle size can also be calculated at 

the same time.  

4.4.5 Change of bond angle, bond length: 

The angle Cu-O-Cu angle, Cu-Cu distance and bond length can be obtained using 

VESTA [83] software after performing Reitvelt refinement analysis. Table 4 shows the 

Angles, Cu-Cu distance and bond length obtained for various sample. A little change 

has been observed on Cu-O-Cu angle, Cu-O bond length and Cu-Cu distance when Ce 

was doped on CuO NPs. Variation of bond length, bond angle of Cu-Cu and Cu-O is 

plotted in Fig. 30 and bond angle at Fig.32 
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Table 4: Bond length and bond angle for CuO and Ce doped CuO NPs. 

Samples Bond length (Å)    
(Cu-O) [Left] 

Bond length (Å) 
(Cu-O)  [Right] 

Bond angle 
(Degree) 

0 mole% Ce doped CuO 1.944 1.988 84.85 

2 mole% Ce doped CuO 1.925 2.024 85.5 

4 mole% Ce doped CuO 1.9404 1.9980 84.866 

6 mole% Ce doped CuO 1.9849 1.9041 83.5805 

8 mole% Ce doped CuO 1.979 1.949 84.7 
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Fig. 30: Variation of bond length of Cu-O (left) and Cu-O (right) of the prepared 

NPs 
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Fig. 31: Cu-O bond length (Ǻ) (red line) and Cu-Cu atomic distance (Ǻ) 

variation (black line) due to addition of Ce on CuO NPs. 
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Fig. 32: Variation of bond angle due to Ce doping on CuO NPs. 

 

Fig. 33: O-Cu-O bond angle 
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As Ce NPs were added to CuO NPs, Cu-Cu atomic distance increases. The more Ce 

NPs are added, the more interatomic distance changes. If the bond length of left side of 

Cu-O bond increases, the right side of this Cu-O bond will decrease. But ultimately Cu-

O bond of left side decreases and the Cu-O bond of the right-side increases while doping 

concentration of Ce was up to 8%. So, we can conclude that Ce NPs creates lattice 

strain on CuO [13]. As extra strain (also stress) is created, bond length and Cu-Cu 

distance changes. As bond length changes, bond angle also changes. Bond angles also 

shows increasing and decreasing tendency alternately. While 2 mole% Ce is doped the 

and angle of O-Cu-O increases, for 4 mole% and 6 mole% Ce doping the bond angle 

decrease and for 8 mole% Ce doping the bond angle again increase. 

The variation of bond lengths develops the lattice strain [12]. Lattice strain also plays 

important role in crystal structure. Thermal stress or another source of strain like doping 

effect causes lattice contraction or lattice expansion [13]. Ce doping is responsible for 

changing lattice strain of CuO NPs. 

4.4.6 Determination of particle size: 

The crystallite size was estimated using the Scherer equation [40], 

D = 0.9λ/(βcosθ) 

Where,  

λ is the wavelength of CuKα radiation,  

θ is the Bragg diffraction angle of the peak and  

β is the broadening of the diffraction line measured at half maximum intensity 

(FWHM) of the XRD peak. 

 

Table 5: Change of particle size as a result of Ce doping on CuO NPs. 

Samples Particle size(nm) 
Pure CuO NPs 20.64 

2 mole% Ce doped CuO NPs 17.58 
4 mole% Ce doped CuO NPs 15.48 
6 mole% Ce doped CuO NPs 14.77 
8 mole% Ce doped CuO NPs 14.66 
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Fig. 34: Particle size variation pure and Ce doped CuO NPs 

 
It is observed that the broadening of XRD peak of Ce doped samples indicate the 

reduction the size of CuO NPs. It can be seen that the specific surface area of Ce doped 

CuO is higher than the native CuO. This increase in surface area can be attributed to 

the decrease of the crystal size of the NPs. By applying the above formula for the 

broadening of (-111) peak reflection of CuO, the crystal sizes of pure CuO and Ce-

doped CuO with different Ce doped concentrations samples were found to be 20.64 nm, 

17.58 nm, 15.48 nm, 14.77 nm and 14.66 nm for Pure, 2 mole%, 4 mole%, 6 mole% 

and 8 mole% Ce doped respectively, indicating that doping with Ce creates surface 

defect sites and surface disorder, and had a depression effect on the growth of crystal 

size shown in Table 5 which might be due to the decrease in the crystallite size with 

increasing the Ce concentrations. It can be consisted with the results of FESEM. Thus, 

it is evident that the cerium amount influences significantly the surface area of photo 

catalysts. 
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4.5 FTIR analysis  

In order to understand the chemical bonding and bond stretching nature of the 

synthesized CuO and the effect of the chemicals used in the synthesis of pure and Ce 

doped CuO NPs Fourier transform infrared (FTIR) spectroscopy analysis was carried 

out at room temperature in the range of (400–4000) cm-1. Fig.35 shows the FTIR spectra 

of the pure CuO and different concentration of Ce doped CuO NPs.  

The observed FTIR spectra exhibited various well-defined absorption bands at 487 cm-

1, 583 cm-1, 682 cm-1, 1101 cm-1, 1627 cm-1, 1658 cm-1, 2373 cm-1, 2926 cm-1, 3452 

cm-1, 3705 cm-1 and 3774 cm-1. The three peaks observed at 487 cm-1 583 cm-1 and 682 

cm-1 are attributed to the characteristic stretching vibrations of metal–oxygen (Cu-O) 

bond in the monoclinic crystal structure of CuO. The absorption bands at 682 cm-1 and 

583cm-1 are attributed to the Cu-O stretching along the direction [-101] and the 487 cm-

1 is attributed to the Cu-O stretching along the direction [101] [43]. No active bonds for 

Cu2O or impurities were observed, thus indicating the formation of pure CuO sample 

from FTIR study.  
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Fig. 35: FTIR spectra of pure CuO and Ce doped CuO NPs 
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The stretching vibration of carbonyl groups absorption band region is 1101 cm-1 -1658 

cm-1.  We found couple of peaks at 1101 cm-1, 1627 cm-1 and 1658 cm-1.  These peaks 

may generate as a result of carbonyl group presented at citric acid. Stretching vibrations 

of С═С bonds are found in 1101 cm-1. The peak 1658 cm-1 due to the C=O bond. The 

signal at 1627 cm-1 is associated with the molecular H2O (H–O–H) bending frequency. 

The peak located at 2373 cm−1 is due to atmospheric CO2 present in the instrument. 

Bands at 2926 cm-1 and 2860 сm-1 indicate to С─Н stretching vibrations [1, 3, 4]. Strong 

wide band between (3500cm-1–3100 cm-1) assigned to O-H stretching vibrations. This 

band is caused by presence of alcoholic and phenolic hydroxyl groups involved in 

hydrogen bonds. In our FTIR analysis we found a strong peak at 3452 cm-1. We see 

four O-H bond which have come from citric acid. We also know that in demethylation 

process, one O-CH3 bonds spited and CH3 is replaced by a Hydrogen atom producing 

new OH group. When this process occurs, intensity of this band increases. We see two 

more peaks at 3693.68cm-1 and 3774.69 cm-1 in our analysis. These two peaks indicate 

that demethylation process may happen in our sample preparation process [1, 4]. No 

other absorption bands except those mentioned here are detected in the FTIR spectrum 

which substantiates that the synthesized NPs are almost pure without any significant 

impurity. 
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4.6 Raman Spectroscopy 

In order to understand the structural and vibrational properties of the synthesized CuO 

and the effect of the chemicals used in the synthesis of CuO nanostructures at different 

doping concentrations, the Raman spectra of CuO nanostructures were obtained as 

shown in Fig. 36 CuO is a material with semiconducting properties that crystalline in a 

monoclinic structure has a space group symmetry of C6
2h; the present study was 

performed to confirm the crystal structure of CuO nanostructures. The primitive cell 

contains two molecular units and thus there are twelve vibrational modes at the zone 

center including three acoustic modes (Au+2Bu), six infrared active modes (3Au+3Bu) 

and three Raman active modes (Ag+2Bg). These normal lattice vibrations at the Γ point 

of the Brillouin zone are given on the basis of group theory by the equation [24]: Γ= 

(4Au+ 5Bu+ Ag+2Bg). Because of the site symmetry only oxygen atom displacements 

contribute to the Raman modes and thus the Cu atoms are stationary for these three 

modes  where Ag mode    is associated with in-phase/out phase rotation of the CuO, the 

Bg1 associated with the bending of CuO, and the symmetric oxygen stretching mode 

corresponds to Bg2 [88]. In standard single crystal CuO, an Ag Raman mode at 295 cm-

1 and two Bg mode at 343 cm-1 and 615 cm-1 are usually observed [77]. 

The observed Raman spectra show change in the intensities and in number of modes 

which is attributed to the intrinsic defects.  Here, the Raman spectrum of CuO samples 

synthesized at different doping concentrations with Ce shows the presence of all the 

three Raman active optical phonons (Ag +2Bg) up to 6 mole%. With increase in the Ce 

doping level, it is found that the positions of the Raman peaks changes to the higher 

and lower wave number. For 4 mole% Ce and 6 mole% Ce doping the bands 295 cm-1 
  

changes to 293 cm-1, for 4 mole% Ce doping the bands 343 cm-1 changes to the higher 

wave number 345cm-1 and the band 615 cm-1 doesn’t change for Ce doping.  
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Fig. 36: Raman spectra of pure and Ce doped CuO NPs. 

 
The Raman spectra of Ce doped CuO NPs confirms the presence of all the three 

characteristic Raman active modes of CuO up to 8 mole% Ce. In addition, we also 

observed a broader and relatively less intense for all three peaks at 295 cm-1, 343 cm-1 

and 615 cm-1.  The Bg1and Bg2 almost vanishes due to the presence of Ce doping and it 

is caused due to the decreasing of particles size with increasing Ce doping. We also 

observed that CeO2 belongs to O5h (Fm3m) space group with cubic fluorite structure. 

The first order Raman line at around 549.42 cm-1 attributed to triply degenerate Raman 

active optical phonon mode (F2g). The second order Raman spectrum, has nine phonon 

branches, with 45 possible. In this observation Raman spectrum of the CeO2 

nanoparticles with the fluorite phase measured a first order Raman peak (F2g) at 453 

cm-1 and there is no second order raman mode. These results are in good agreement 

with the XRD results. 
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4.7 Optical Properties 

Semiconducting materials exhibit minimal optical absorption for photons with energies 

smaller than the band gap and high absorption for photons with energies greater than 

the band gap. As a result, there is a sharp increase in absorption at energies close to the 

band gap that manifests itself as an absorption edge in the UV-Vis absorbance 

spectrum. 

While the absorption edge is indicative of the location of the band gap, accurate 

estimation of the band gap requires use of the following formula corresponding Eg (eV) 

values. 

(ɑhʋ)2= A(hʋ -Eg) 

For direct band gap semiconductors: where ɑ is the absorption coefficient, hυ is the 

energy of incident photons and Εg is the electronic band gap of the semiconductor. Εg 

is the intercept of the straight line obtained by plotting (αhυ)2 vs hυ. 

It is known that the optical band gap energy of semiconductor materials may change 

with the size and shape of the particles or defects on the particles and also strongly 

dependent upon the synthesis methods used [26]. CuO is known to be a direct-allowed 

semiconductor material. A direct bandgap is a bandgap with direct transitions i.e. 

transitions where the energy changes (increases or decreases) but the momentum P i.e. 

the wave-vector k are conserved. For this reason, for a direct bandgap, the transitions 

are vertical. A direct bandgap is formed between the energy minimum of a highest band 

(e.g. conduction band) which occurs at the same value of the wave vector k as the 

energy maximum of a lower band (e.g. valence band). In our experiment, absorbance 

were plotted against wavelength, λ. The values of Eg can be obtained from extrapolating 

the straight-line portions of the curves (αhν)2 versus λ to the λ-axis (where αhν = 0). 

There is a linear relationship between energy and wavelength as  

Eg =hʋ/λ 

Using this relation, we can calculate Energy band gap from Absorbance vs wavelength 

graph [2]. 

4.7.1 Band gap of CuO and Ce doped CuO NPs 

Energy band gap was calculated from Absorbance versus wavelength graph separately 

for individual samples. 
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Fig. 37: Absorbance spectra of pure CuO & Ce doped CuO NPs. 

4.7.2 Band gap of pure CuO & Ce doped CuO nanoparticles 

Table 6: Change of band gap as a result of Ce NPs doping on CuO. 

Samples Energy band gap (eV) 

0 mole% Ce doped CuO  1.72 

2 mole% Ce doped CuO 1.40 

4 mole% Ce doped CuO 1.42 

6 mole% Ce doped CuO 1.44 

8 mole% Ce doped CuO 1.48 
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4.7.3 Variation of optical band gap due to Ce doping 
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Fig. 38: Variation of energy gap due to doping of Ce NPs in pure CuO NPs. 

In our sample band gap of pure CuO NPs is 1.72 eV which is near the CuO NPs band 

gap value 1.70 eV [22]. The band gap energy decreases with increasing Ce content in 

the sample. The reason may attribute to appearance of a new electronic state among the 

CuO band gap. The distance of charge transfer between f electrons of the Cerium ions 

and the conduction band (CB) or valence band (VB) of CuO is narrowed. Because of 

having the Ce4+ ion a 4f electron layer, the 4f layer helps to reduce the band gap energy 

of CuO samples [33]. 

When the doping amount of Ce is increased from 0 to 2 mole%, the absorbance intensity 

of the Ce doped CuO NPs increased in visible light region. It due to the fact that the Ce 

doped into the CuO crystal grains can greatly increase the visible light absorption 

ability. When the doping concentration increased from 4 mole% to 8 mole%, the visible 

light absorption ability of the Ce doped CuO is decreased. As we know, doping is 

usually accompanied by the formation of defects, which can play the role as trap centers 

to photoelectrons, but excessive doping may lead to some surface defects to act as the 

recombination centers for electron hole and thus increase the band gap for higher 

concentration of Ce doping. That is shown in the fig. 38 and table 6.  
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4.8 Photo-catalytic Activity of CuO and Ce Doped CuO NPs 

Photo catalytic studies of pure CuO NPs and Ce doped CuO NPs as a photo catalyst 

have been examined by performing the photo degradation of methylene blue (MB) 

under the visible light irradiation. It was observed from the detailed photo catalytic 

experiments that the absorbance of MB dye solution decreases with increasing the 

illumination time. Moreover, with increasing the Ce doping concentration to 2 mole%, 

the degradation was increased significantly but further increasing the Ce doping    

concentration up to 8 mole% the degradation was decreased. The obtained results 

demonstrate that a particular amount of Ce doping (2 mole% Ce) into CuO is important 

to completely degrade the MB dye. Thus, at optimum Ce concentration (2 mole%), the 

prepared Ce doped CuO NPs are exhibiting appreciable photo catalytic degradation 

(99.5%) only within 60 min. Further, the Ce doped CuO NPs exhibited better photo 

catalytic performances compared to the CuO NPs. Fig. 40 exhibits the comparison bar 

diagram for the photo catalytic degradation of MB dye. Noticeably, the complete photo 

degradation was observed by different time for different samples. The percentage photo 

degradation increases with increasing the extent of Ce doping up to 2 mole% and 

afterward it decreases. Thus, it can be confirmed that 2 mole% Ce doping into CuO is 

the best composition for the complete degradation of MB dye in 30 min.  

Fig.39 exhibits the variations of the absorbance vs wavelength as a function of visible 

light irradiation time fo the photo catalytic degradation of MB dye in the presence of 

various Ce-doped CuO photo catalysts. A strong absorption band at wavelength 660 

nm represents the λmax. for the dye under investigation. This band shows a steady 

decreasing trend for each Ce doped CuO photo catalyst with increasing irradiation 

times. The absorption maxima corresponding to the dye were decreasing; showing 

complete destruction of dye takes place in presence of the catalyst. It can also be clearly 

seen that almost complete photo degradation within 30 min of visible light irradiation 

is observed for 2 mole% Ce doped CuO photo catalyst for MB dye. 

Fig.42 represents the percentage photo degradation of the MB dye with Ce 

concentration after 30 min of photo irradiation. It shows that the degradation rate 

increases from 53.93% for pure CuO to 98.64% for 2 mole% Ce doped CuO and then 

percentage photo degradation decreases to 82.41% for 8 mole% Cedoped CuO.  
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Fig. 39: The variation in UV–visible absorption spectra of methylene blue (MB) 

dye solution as a function of irradiation time in the presence of (a) pure CuO 

NPs, (b)2 % Ce, (c) 4 % Ce, (d) 6 % Ce, (e) 8 mole% Ce doped CuO NPs as a 

catalyst under visible light illumination. 
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Fig. 40: Degradation percentage of MB dye for pure and Ce doped NPs. 
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Fig. 41: Degradation rate of MB dye for pure and Ce doped CuO NPs. 
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Fig. 42: Degradation percentage for first 30 minute of MB dye for pure and Ce 

doped CuO NPs. 

     

Fig. 43: Color change of the MB dye with prepared NPs under Visible light 
irradiation 

4.8.1 Photo-catalytic mechanism 

The enhanced photo catalytic activity of Ce doped CuO photo catalysts is explained on 

the basis of the electron and hole migration to the catalytic surface upon visible light 

irradiation and subsequent participation in redox reaction with the adsorbed dye. 
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Doping of Ce with CuO is expected to increase the surface defects, also refers to create 

trap centers, which enhance the photo catalytic efficiency. Ce4+ ions can also act as 

effective electron scavenger to trap the conduction band electrons, eliminating or 

reducing the probability of electron–hole recombination. This can efficiently transfer 

photo generated electrons to participate in redox reaction generating OH- free radical 

causing dye degradation. Oxygen vacancy on the catalytic surface can also serve as trap 

for electrons from conduction band. But at higher Ce concentrations, the number of free 

electrons decrease as a result of the irtrapping in Ce4+ ions, thereby decreasing photo-

degradation [61].                  

 

 

 

   

 

     

                       Fig. 44: Equation of photo-catalytic mechanism 

 

Fig. 45: Photo-catalytic mechanism 
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The proposed mechanism for the photo catalytic activity of Ce doped CuO is shown in 

Fig. 45 For Ce doped CuO NPs, the Ce4+ ions incorporated in CuO lattice are supposed 

to absorb photo-excited electrons from the conduction band of the CuO and get reduced 

into Ce3+ ions. Reduced Ce3+ ions are oxidized by transferring the electron to the 

adsorbed O2 molecules which produce the superoxide radical (Ο2
- ) [65, 66]. As a result, 

a continuous trapping system becomes functional on the surface of the doped CuO 

nanoparticles and inhibits the electron-hole recombination. This means that Ce4+ on the 

surface of CuO nanoparticles may act as an electron scavenger. The Ο2
- radical anions 

further result in the formation of HO- radicals which are mainly responsible for the dye 

degradation.  

Fig. 40 clearly presents that the prepared Ce doped CuO NPs photo catalysts exhibited 

better photo catalytic performances. 



              

CHAPTER 5 

CONCLUSION 
5.1 Conclusion 

In this present study CuO and Ce doped CuO NPs were successfully synthesized 

by a cost-effective, simple sol-gel auto-combustion process. Sol-Gel process offers a 

number of advantages including, low processing temperature, ability to control the 

composition on molecular scale and the porosity to obtain high surface area materials, 

homogeneity of the final product up to atomic scale, doesn’t require annealing, thus 

energy and cost efficient.  

The surface morphology of the NPs was observed by field emission scanning 

electron microscope (FESEM) was also performed to study the surface morphology of 

the nanoparticles. The FESEM images reveal that Ce doping reduces the size of the 

nanoparticles. EDS (Energy Dispersive Spectroscopy) analysis was also performed 

which confirm the presence of Cu, O, Ce in the samples.  

The X-ray Diffraction patterns were to characterize the crystal structure of the 

CuO and Ce doped CuO NPs. Reitvelt analysis was performed to reveal the structural 

information of the nanoparticles. The effect of Ce doping on the different structural 

parameter such as lattice type, bond length, bond angles and reason behind the change 

of lattice parameter, strain and stress was studied in details.  

FTIR analysis was also performed to know the components present in the 

prepared samples. Presence of Cu and O bond can be confirmed by FTIR. No active 

bonds are found for Cu2O or impurities (Ce) in the prepared samples. Raman 

spectroscopy of the Ce doped CuO nanoparticle shows a change in the intensities and 

number of modes which is attributed to the presence of intrinsic defects. 

Optical properties of the NPs were investigated by a UV-Visible Spectroscopy. 

The optical band gap of the CuO and Ce doped CuO NPs were evaluated from the 

optical data. It was found the 2 mole% Ce doping reduces the band gap of CuO NPs 

from 1.72 eV to 1.40 eV. Due to having the Ce4+ ion a 4f electron layer, the 4f layer 

helps to reduce the band gap energy of CuO samples. A further increase in Ce dopant 

enhances the band gap but it is far less than the band gap of pure CuO. Excessive doping 

of Ce may lead to some surface defects to act as the recombination centers for electron 

hole and thus increase the band gap for higher concentration of Ce doping.  
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Photo-catalytic studies of pure CuO NPs and Ce-doped CuO NPs as a photo-

catalyst have been examined by performing the photo degradation of methylene blue 

(MB) under the visible light irradiation. The Photo-catalytic studies showed that Ce 

doping improves the photo-catalytic activity of CuO Nps. 2 mole% Ce doped CuO NPs 

yields the best photo-catalytic activity. The photo-catalytic activity reduces with the 

increase of dopant concentration. The higher surface area of the NPs due to smaller 

particle size distribution together with its lower band gap is responsible for the 

enhanced photo-catalytic activity of Ce doped CuO than the pure CuO NPs. The Ce 

doped CuO NPs synthesized by an effective and economic route may open up a 

versatile route to enhance the photo-catalytic activity of CuO NPs and can find their 

applications in water purification and environment cleaning. 

 

5.2 Suggestions for the Future Work 

In order to better understand the role of Ce doping on the physical properties of CuO 

nanoparticle several studies can be performed. Additionally, studies can be done to 

explore the potential application of these nanoparticles. A list of suggestion for the 

possible future works is given below: 

1. Analyze the Photoluminescence spectra of CuO and Ce doped CuO NPs  

2. Study the dielectric property of pure CuO and Ce doped CuO NPs. 

3. A Study the effect of Ce doping on the antibacterial property of CuO NPs. 

4. Theoretical structural analysis, DFT can be performed then compare with the 

experimental result 
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