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ABSTRACT 
 

 Nanotechnology refers to the manipulation and control of matter at the nano-

scale (typically below 100 nm), where unique physical, chemical, and biological 

features exist. Nano-materials are nano-scale-engineered materials that serve as the 

foundation of nanotechnology. These materials are critical to breakthroughs in 

material science because they enable for the creation of materials with superior 

characteristics and functionality. Nanotechnology and nanoparticles are transforming 

material science by allowing the development of materials with improved and 

customizable properties. Their uses range from electronics to medicine, making them 

vital to the advancement of next-generation technology. Nano-structuring 

considerably improves performance of dilute magnetic semiconductors (DMS) by 

expanding surface area, introducing defects, and changing electronic structures. The 

correlation stems from the fact that nano-scale effects enhance magnetic interactions, 

making nano-structured DMS intriguing for spintronics devices, sensors, and 

multifunctional materials. 

 
 DMS are semiconducting materials doped with a minor number of magnetic 

ions (such as Mn, Fe, Co, Ni, etc.) to impart magnetic characteristics while retaining 

their semiconducting behavior. These materials exist at the crossroads of magnetism 

and electronics, making them extremely important in modern material research and 

technology. DMS materials combine the properties of semiconductors (used in 

electronic devices) and Ferro-magnets (used for magnetic memory). This dual 

functionality opens the door to spintronics, a field that makes use of both electron 

charge and spin.  

 
 Cerium oxide (CeO₂), a wide band-gap semiconductor (~3.2 eV), is a 

promising material in the field of DMS. It can display room-temperature 

ferromagnetism (RTFM) when doped with transition metal (TM) or rare-earth (RE) 

ions. It is considered as a suitable DMS because it naturally supports oxygen 

vacancies, resulting in the existence of Ce³⁺ ions. The Ce³⁺/Ce⁴⁺ redox pair is critical 

for facilitating magnetic exchange interactions. Oxygen vacancies behave as magnetic 

polarons, aligning neighbouring magnetic dopant spins using the Bound Magnetic 

Polaron (BMP) process. High vacancy concentrations can cause or improve 
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ferromagnetism even in the absence of exogenous doping. CeO₂ lattices may easily 

accommodate TM and RE dopants (e.g., Y, Ag and Cd). These dopants create 

localized magnetic moments that interact with carriers or defects. These properties 

make them valuable in a wide variety of scientific and industrial applications. It is 

used as an oxidation/reduction catalyst: Serves as a co-catalyst in the oxidation of CO, 

hydrocarbons, and alcohols. It is also effective at degrading organic pollutants under 

UV or visible light, particularly when doped with metals (e.g., Ag, Cd). Because of its 

high oxygen ion conductivity, this material can be used as an electrolyte or anode. It is 

used in sunscreens and protective coatings due to its excellent UV-blocking 

capabilities. It is used to polish glass, silicon wafers, and other high-precision optical 

components. It serves as a high-k dielectric in electronic components such as 

transistors and capacitors. Therefore, CeO₂ nanoparticles are versatile materials with 

uses in catalysis, energy, the environment, medicine, electronics, and magnetism. 

Their distinctive redox activity, oxygen storage capacity, and biocompatibility make 

them particularly useful in cutting-edge nanotechnology and material science 

applications. 

 
 Doping CeO₂ nanoparticles with TMs including Y, Ag and Cd considerably 

affects their structural, optical, magnetic, and electrochemical properties. This is due 

to changes in electrical structure, oxygen vacancy concentration, and defect chemistry 

caused by dopant ions. Here is a detailed look at the effects and benefits of doping 

CeO2 nanoparticles with TM elements. The structural, optical, electronic, magnetic, 

and electro-chemical properties of undoped CeO2 and TM (Y, Ag and Cd) doped CeO2 

nanoparticles at various dopant concentrations are thoroughly investigated. The 

present thesis has six chapters. A quick overview of each chapter is provided below. 

 
 The First chapter (Introduction) of this thesis provides the groundwork for the 

remainder of the work. It presents the background and motivation of the research in a 

clear and logical manner. It defines nano-science and nanotechnology, introduce 

nanoparticles, including their size range, type (metal, oxide, or semiconductor), and 

general properties. It explains why nanoparticles are so significant in modern 

materials science and how nanoparticlesare engineered to have magnetic and 

electronic properties. The importance of DMS and oxide-based magnetic 

nanoparticles is provided in this chapter. In addition, a variety of theoretical models, 
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such as the RKKY, FCE, and BMP models are provided in detail to better explain the 

genesis of ferromagnetism in undoped and doped CeO2. This chapter also discusses 

the research's main objectives and conclusions. 

 
 The Second chapter (Characterization Techniques) chapter provides a detailed 

description of the experimental tools and methods used to analyse the structural, 

morphological, optical, magnetic, and electro-chemical properties of the prepared 

samples. Each technique has been addressed in a distinct subsection, including: 

Principle and Instrument details. Techniques such as XRD, TEM and EDX are 

addressed to study the structure properties, UV-Vis-NIR, Raman and 

photoluminescence spectroscopy to determine the optical properties, XPS for 

electronic structure and electrochemical analyser to study the electro-chemical 

properties. Techniques such as XRD, TEM, and EDX are used to identify the structure 

properties, UV-Vis-NIR, Raman, and photoluminescence spectroscopy to assess 

optical properties, XPS for electronic structure, SQUID- VSM for magnetic properties 

and an electrochemical analyzer to study electrochemistry. Several experimental 

procedures are given in the introduction to instrumentation, data collecting, data 

analysis, and information derived from the analysis. 

 
 The Third Chapter highlights the extraordinary properties of CeO2 and Ce1-

xYxO2 nanoparticles (x = 0.03, 0.05, and 0.07). The findings of XRD revealed a FCC 

structure of CeO2 with reduced crystallite size. To explore surface morphology, 

HRTEM and SAED patterns were used. EDX studies were performed to investigate 

the elemental and compositional properties. The absorption spectra were studied using 

UV-Vis-NIR spectroscopy, revealing that red-shifted absorbance increased with 

decreasing band gap values for higher Y doping. The PL spectra showed diverse 

emissions showing the formation of various defects and oxygen vacancies with the 

inclusion of Y content in the lattice with CCT values below 4000 K, indicating warm 

yellow light for indoor applications. Furthermore, the XPS measurements revealed the 

valence states of elements such as Ce (3+ and 4+), Y (3+), and O (2-), as well as 

charged oxygen vacancies. The photo-catalytic research demonstrated that Y-doped 

CeO2 nanoparticles degrade better under a variety of conditions. A degradation 

mechanism demonstrating the impact of oxygen vacancies induced by Y-doping on 

the photo-degradation process has been proposed. 
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 The Fourth chapter details the synthesis of undoped CeO2 and Ag-

incorporated CeO2 nanoparticles with varying Ag concentrations (x = 0.03, 0.05 and 

0.07) via coprecipitation technique. The XRD measurement indicates an improvement 

in the crystalline nature with Ag-doping and crystallite size between 13 and 9 nm. The 

absorption spectra show a red shift of the absorption peaks and a shortening of the 

band gap as the Ag concentration increases. To determine the defects and excitation 

wavelength, PL measurements were carried out. The prepared samples had a high 

colour rendering index (CRI), indicating good luminescence with white light 

emissions. Furthermore, the XPS measurements revealed the valence states of Ce (3+ 

and 4+), Ag (1+), and O (2-). The CV test confirmed that in 2 M KOH electrolyte 

solution, the 5% Ag-doped CeO2 nanoparticles sample exhibited the highest specific 

capacitance value of 363.44 F/g at a scan rate of 10 mV/s and the best cycle stability 

(retaining 93.90% after 2100 cycles). The 5% Ag-doped CeO2 nanoparticles had an 

energy density of 125.08 Wh/kg and a power density of 652.48 W/kg. 

 
 The Fifth chapter uses a unique co-precipitation technique to prepare Cd-

doped CeO2 varying Cd concentrations (x = 0.03, 0.06 and 0.09) nanoparticles. 

Powder XRD and TEM revealed fcc structures and spherical symmetry with 

diameters ranging from 6 to 12 nm, respectively. UV-Vis spectroscopy revealed a red 

shift in the absorption edge, and lower band gap energy reduced from 3.39 eV to 2.98 

eV when Cd concentration increased (x = 0.00 to 0.09), the optical band gap. The 

increase in oxygen vacancies in the CeO2 lattice was further supported by XPS 

measurements for core levels Ce 3d, O 1s, and Cd 3p and 3d. The valence states of 

elements including Ce (3+ and 4+), Cd (2+), and O (2-), as well as charged oxygen 

vacancies, were also disclosed by the XPS measurements. Cd-doped CeO2 showed 

enhanced properties in magnetic studies, exhibiting RTFM behaviour. Consequently, 

these results show that CeO₂ nanoparticles can be customized for a variety of uses, 

such as optical and spintronics, through Cd doping. 

 
 The Sixth chapter of this thesis, commonly titled "Conclusion and Summary" 

provides a clear vision on the synthesis of the entire work, emphasizing what has been 

accomplished, what has been discovered, and why it is important. This chapter brings 

everything together and frequently recommends further directions for future. 
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1.1. Introduction 
1.1.1. Nano-materials and Nanostructures 

 Recent studies have revealed that manufacturing typical semiconductor 

materials into nanostructures, especially three-dimensional (3-D) arrays like 

nanowires. The 3-D arrays of these nanostructures closely resemble natural light 

harvesting structures. Nanoparticles are particulate or solid particles ranging in size 

from 10 to 1000 nm. Nanoparticles are type of materials with properties that are 

distinguishable from their bulk and molecule equivalents. Nano-materials with unique 

properties, such as high surface-to-volume ratio and quantum confinement are being 

studied to developed new PV mechanisms, such as dye-sensitized solar cell and 

quantum dot solar cells. Many research groups are exploring the optical absorption of 

nanostructure arrays to optimize solar cell efficiency and various experiments have 

been conducted to characterize the unique optical properties of 3-D nanostructures, in 

addition to theoretical study [1].  

 
 Nanoparticles have numerous unique properties due to their small size such as 

their ability to alter absorption and emission wavelengths through surface 

fictionalization and particle size. The chemical composition and size of nanoparticles 

affect their ionic potential, electron affinity, and electron transport capabilities. 

Individual metallic magnetic nanoparticles may display super-paramagnetic properties 

[2]. Nano-material-based electrochemical signal amplification has the potential to 

enhance sensitivity and selectivity for electrochemical and biosensors, thanks to 

advancements in nanotechnology and nano-science. High-performance electrochemical 

sensing devices rely heavily on electrode materials to identify target molecules using 

diverse analytical methods. Despite their advantages, nanoparticles have limitations. 

To use nanoparticles in clinical or commercial settings, practical issues must be 

addressed [3].  Nonetheless, nanoparticles hold immense potential for environmental 

cleanup. There are two basic fabrication processes for arrayed nanostructures: (i) top-

down and (ii) bottom-up. On the other hand, Bottom-up procedures involve 
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developing and assembling nano-materials at the atomic scale, such as vapor-liquid-

solid (VLS) growth, vapor-solid growth, and electrochemical growth [4].  

 
1.1.2. Dilute Magnetic Oxides (DMOs) 

 Recently, diluted magnetic semiconductors (DMS), have gained attention from 

the scientific and industrial field and their unique properties for optoelectronic 

devices. DMS research encompasses a wide range of material systems and theoretical 

techniques, all of which contribute to a better understanding of these materials and 

their prospective uses. Such interaction effectively modifies the energy band and 

electronic structural properties of semiconductors, leading to new physical 

consequences, especially the magnetic properties [5]. These materials can be 

engineered to have a band gap, making them suitable for various device applications. 

Growth circumstances and co-doping with shallow dopant can alter the properties of 

nano-crystals [6]. Single-phase dilute magnetic oxides are thought to be essential for 

developing practical devices due to their polarized carrier population. For 

ferromagnetic wide band-gap semiconductors to be helpful in spintronics applications 

there must be a coupling between their ferromagnetic and semiconducting properties, 

regardless of the system's microstructure [7].  

 
1.1.3. Spintronics and DMOs 

 DMS's ferromagnetic property assists the development of high-performance 

magnetic random-access memory (MRAM), which can function at room temperature. 

Ongoing research focuses on improving the Curie temperature and understanding the 

ferromagnetic processes in various DMS materials, which is important for practical 

applications [8]. While DMS has considerable potential in spintronics, obstacles such 

as low Curie temperatures and the requirement for sophisticated fabrication 

procedures remain barriers that researchers must overcome before these applications 

can be completely realized. 

 
1.1.4. Difference between Magnetic, Non -Magnetic and DMS: 

 DMS are semiconductors doped with magnetic elements to exhibit magnetic 

properties. Each variety has distinct properties and applications, particularly in 

domains like as spintronics and materials science. A DMS involves distributing a 

small concentration of magnetically atoms which are magnetically active at the cation 
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sites of a semiconductor. This system can exhibit combination of semiconducting as 

well as ferromagnetic properties, making it an appealing concept. A schematic 

representation of different types of magnetic materials is shown in figure 1.1. 

 

 
Figure 1.1: Different types of semi-conductor (a) magnetic semiconductors;  

(b) dilute magnetic semiconductor; (c) non-magnetic semiconductor 

 
• Magnetic materials  

 Materials like iron, nickel, and cobalt show ferromagnetism, which occurs 

when magnetic moments align spontaneously, resulting in a permanent magnet even 

without an external magnetic field. Because of their strong magnetic characteristics, 

these materials are commonly used in data storage, sensors, and motors. 

 
• Nonmagnetic Materials  

 These materials are not magnetic, while they comprise diamagnetic and 

paramagnetic substances whose magnetic moments are either absent or do not align to 

form a net magnetic field. Frequently employed in situations where magnetic 

interference is undesirable, such as in certain electronic components [9].  

 
• Diluted magnetic semiconductors (DMS)  

 DMS are semiconductors doped with a trace number of magnetic elements, 

such as Mn, Co, or Ni, to produce magnetic characteristics. Obtaining steady RTFM 

and regulating the Curie temperature are key issues. Examples include ZnO-based 

DMS doped with Mn or Co, which exhibit different magnetic characteristics 

depending on the synthesis procedure and further doping. While magnetic and non-

magnetic materials play distinct roles, DMSs provide a hybrid approach by combining 

semiconductor characteristics with magnetism, which is especially promising for 

advanced electronic and spintronics devices [10]. However, the development of DMS 
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with high Curie temperatures remains a problem, needs more study and innovation in 

material synthesis and doping techniques [11].  

 
1.1.5  Why Cerium Oxide? 

 Cerium oxide (CeO2) is important in many fields, including environmental 

applications and energy devices, because of its unique features such as redox behavior 

and oxygen storage capacity. CeO2 is important in three-way catalysts (TWC) for 

automotive exhaust systems because its oxygen storage capacity improves the 

elimination of pollutants such as CO and hydrocarbons. CeO2 nanoparticles can easily 

transition between Ce3+ and Ce4+ states, allowing them to scavenge free radicals and 

reactive oxygen species, which is important for decreasing oxidative stress in 

biological systems. CeO2 nanoparticles exhibit strong antibacterial action, effectively 

inhibiting bacterial growth and bio-film formation, which helps in overcoming 

antibiotic resistance [12]. These nanoparticles are used in treating illnesses like cancer 

because of their capacity to scavenge free radicals and reduce oxidative stress [13]. 

Also, these nanoparticles increase the performance of internal combustion engines by 

lowering emissions and increasing fuel efficiency when used as catalysts. While CeO2 

nanoparticles offer various benefits, their possible pro-oxidant effects and toxicity 

must be carefully considered. Understanding how they interact with biological 

systems is important for developing safe and effective medical uses [14]. 

 
 The problems of size and shape-based CeO2 nanoparticles in material science 

are largely studied for their synthesis, characterization, and the effects of these 

characteristics on their catalytic properties. Controlling the size and shape of ceria 

nanoparticles is essential, as these variables have a substantial impact on their 

reactivity and performance in a variety of applications. Over the last few years, some 

research groups have synthesized size/shape-controlled CeO2 nanostructures such as 

spherical nanoparticles, nano-rods, nanowires, nanotubes, nano-cubes, nano-spheres, 

and hierarchical nanostructures, as well as investigated the properties that vary with 

size/shape. Nanocrystalline compounds have superior optical, electrical, and structural 

characteristics compared to bulk counterparts due to quantum size effects and greater 

surface-to-volume ratios [15, 16]. More recently, the good matching of the crystal 

structure of undoped and TM doped CeO2, were employed as diluted magnetic DMO 

in spintronics applications [17].  
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1.2.  Structural properties of undoped and 4d cations doped CeO2 

nanoparticles. 
1.2.1. Structural properties of undoped CeO2        

 The structural properties of CeO₂ nanoparticles are determined by their 

crystalline structure, particle size and doping/synthesis processes. These nanoparticles 

mostly have a face-centered cubic (fcc) fluorite structure, which is validated by X-ray 

diffraction (XRD) and Raman spectroscopy. The bond length of Ce-O in CeO2 

nanoparticles is an important parameter that influences their structural and catalytic 

properties. This elongation is due to the nanoparticles' distinctive surface/core 

configuration, which influences their electronic and catalytic function. CeO2 

nanoparticles have a Ce-O bond length of around 2.338 Å in bulk, although this is 

lengthened due to surface effects. CeO2 nanoparticles' surface atoms have distinct 

bonding properties than their core atoms, resulting in variances in electronic 

properties and reactivity. Nano-particle shape, such as the presence of various surface 

terminations, can influence bond lengths and overall stability [18]. CeO2 nanoparticles 

could transition between oxidation states (Ce4+ and Ce3+), making them excellent 

antioxidants and pro-oxidants under different conditions. This distinct redox activity 

is crucial for their applications in biological and environmental sciences [19]. CeO2 

nanoparticles are best known for their antioxidant activities, their dual role as both 

antioxidants and pro-oxidants demonstrates the complexities of their redox 

characteristics, which can be altered by environmental conditions such as pH and 

concentration.  

 𝑪𝑪𝑪𝑪𝑶𝑶𝟐𝟐−𝒙𝒙  ↔ 𝑪𝑪𝑪𝑪𝑶𝑶𝟐𝟐 +  𝒙𝒙
𝟐𝟐 
𝑶𝑶𝟐𝟐 𝒇𝒇𝒇𝒇𝒇𝒇 𝒙𝒙 = 𝟎𝟎.𝟓𝟓, 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 𝑪𝑪𝑪𝑪𝑶𝑶𝟏𝟏.𝟓𝟓  (𝑪𝑪𝑪𝑪𝟐𝟐𝑶𝑶𝟑𝟑)                (1.1)  

 
 This duality needs careful attention in their employment to secure desired 

results in therapeutic and industrial uses [20]. According to research, when grain size 

decreases, the lattice parameter compresses before growing at sizes smaller than 20 

nm, with a minimum seen nearly about 0.5411 nm at 300 K. The morphology of CeO2 

nanoparticles has a considerable impact on their physical and chemical properties, 

which affects applications in catalysis and gas sensing. Different morphologies result 

in variable oxygen vacancy concentrations, which are necessary for catalytic 

oxidation reactions. For example, shuttle-shaped CeO2 demonstrates improved 

catalytic performance due to its increased surface area and oxygen vacancies. CeO2 
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nanoparticles' exposed facets, such as {100} and {111}, affect their catalytic 

effectiveness, with {100} facets demonstrating improved performance in gas sensors. 

 
1.2.1.1. Crystalline Size (D) and other parameters: 

 CeO2 nanoparticles crystallize in the fcc structure, where each O2− ion 

coordinates with four Ce4+ distortions. Particle size has the primary influence on how 

the expansion of the lattice in ceria nanoparticles takes place. Adding Ce3+ ions to the 

crystal lattice reduces the coordination number of Ce4+ to O2− from eight to seven 

[21]. The general crystal structure of CeO2 nanoparticles is shown in figure 1.2. 

 

 
Figure 1.2: General fcc crystal structure of CeO2 nanoparticles 

 
 The ionic radius of Ce3+ ions is larger (1.034 Å) than to Ce4+ ions (0.92 Å). 

The presence of oxygen vacancies and Ce3+ ions distorts the local symmetry. This 

changes both the overall lattice parameter and the Ce-O bond length lattice distortion. 

The lattice parameter for the (h k l plane) can be calculated using the following 

equation [22].  

 𝟏𝟏
𝒅𝒅𝒉𝒉𝒉𝒉𝒉𝒉
𝟐𝟐 = 𝒉𝒉𝟐𝟐+𝒌𝒌𝟐𝟐+𝒍𝒍𝟐𝟐

𝒂𝒂𝒆𝒆𝒆𝒆𝒆𝒆𝟐𝟐                                        (1.2) 

 
where 'a' symbolizes lattice constant, d represents the interplanar spacing and (h k l) 

are the miller indices. The average crystallite size (D) of the CeO2 nanoparticles can 

be calculated using Scherer's formula as follows [23].  

 D = k λ / β cosθ   (1.3) 
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 In this equation, θ represents Bragg's diffraction angle, λ is the wavelength of 

Cu-kα radiation (1.54060 Å), β is the peak width at half maximum (in radians), and k 

is the shape factor (0.9). Excessive lattice strain may cause lattice expansion to occur 

as a strain relief mechanism. Massive crystallites show less lattice distortion because 

losing a few oxygen atoms does not produce considerable lattice strain. This strain is 

defined by the following equation [24]. 

 𝜺𝜺 = 𝜷𝜷𝐜𝐜𝐜𝐜𝐜𝐜𝜽𝜽
𝟒𝟒

    (1.4) 

 
 The Debye-Scherrer formula is used to determine D and stain based on the 

XRD peaks (2θ).  However, this technique implies peak broadening is solely due to 

crystallite size, neglecting micro-strain (ε) and instrumental variables. The 

Williamson-Hall analysis considers both size and strain-induced broadening and is 

used to analyze size separation and strain broadening at various θ points [25].  

 𝜷𝜷 𝒄𝒄𝒄𝒄𝒄𝒄 𝜽𝜽 =  𝑲𝑲𝑲𝑲
𝑫𝑫

 + 𝟒𝟒𝟒𝟒 𝒔𝒔𝒔𝒔𝒔𝒔θ       (1.5) 

 
 The above equation assumes that stain is uniform in all crystallographic 

directions is plotted against 4sinθ for CeO2 peaks. Strain and crystallite size are 

calculated using the slope and y intercept of the fitted line, respectively. Thus, oxygen 

vacancies are formed when Ce4+ ions are converted into Ce3+ ions to maintain charge 

neutrality. This could lead to localized micro-strain in the samples. The theoretical 

density of nanoparticles can be calculated using the formula below.  

 𝝆𝝆 = 𝒏𝒏𝑴𝑴𝑾𝑾
𝑵𝑵𝑨𝑨𝑽𝑽

     (1.6) 

 
Where V represents the unit cell volume, n represents the number of atoms per unit 

cell, 𝑀𝑀𝑊𝑊  is the molecular weight, and 𝑁𝑁𝐴𝐴  Avogadro's numbers [26].  

 
1.2.1.2. Effect of annealing temperature: 

 Several studies have shown that the annealing temperature has a considerable 

influence on the various properties of nanoparticles. Higher annealing temperatures 

typically result in larger crystallites and higher material quality, which improves 

magnetic properties and modifies optical features. Annealing affects surface 

roughness and particle agglomeration like when surfactants are applied, higher 

temperatures enhance roughness and decrease agglomeration. CeO2 nanoparticles' 
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optical band gap rises at increasing annealing temperatures, ranging from 2.90 eV to 

3.57 eV, indicating increased electronic properties. Also, the visible range has found 

with high optical transmittance (~75%) with increasing annealing temperature, 

making it ideal for optoelectronic applications [27]. Higher annealing temperatures 

improve certain properties, but they can also cause undesirable effects such as 

increased particle size, which may limit the effectiveness of nanoparticles in specific 

applications such as catalysis or drug delivery. The average crystallite size of zinc 

ferrite nanoparticles increased from 11.8 to 18.4 nm as the annealing temperature 

increased as reported by Ansari et al.  [28]. Despite this broad effect, the composition 

of the material, deposition technique, and annealing temperature all have a major 

influence on the development of the final CeO2 crystal phases.  

 
1.2.1.3. Particle Size  

 The size of nanoparticles has a considerable impact on their behavior in a 

variety of domains, including health and material research. The size of nanoparticles 

influences cellular absorption and bio-distribution; optimum sizes (10-60 nm) 

improve medication delivery effectiveness. Smaller nanoparticles are frequently 

preferred for their superiority while larger nanoparticles (greater than 100 nm) can 

overcome specific biological barriers, such as tumor vasculature, demonstrating a 

complex link between size and functionality in a variety of applications. Smaller 

CeO2 nanoparticles have higher optical properties, as indicated by UV-Vis 

experiments that reveal increased light absorption and photo-catalytic activity for 

degradation processes like Methylene Blue degradation. The smaller particle size 

correlates with increased optical properties, making them more useful in applications 

requiring light interaction [29]. Mechanical properties, such as the coefficient of 

friction during polishing, are also influenced by particle size, with smaller particles 

yields lower friction coefficients [30]. While smaller CeO2 nanoparticles frequently 

demonstrate improved catalytic and toxicological properties, larger particles may 

provide advantages in certain applications, such as CO2 hydrogenation. 

     
1.2.2.  Structural Properties of 4d cation doped CeO2 nanoparticles: 

 Doping CeO2 nanoparticles with 4d cations such as silver (Ag), cadmium 

(Cd), and niobium (Nb) improves their physicochemical property, including photo-

catalytic activity, magnetic properties, and enzyme-like behavior. The structural 
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properties of Nb-doped CeO2 nanoparticles show considerable morphology, 

crystallinity, and electronic properties changes. Doping with niobium (Nb) affects the 

lattice structure and defect formation, which are critical for improving the material's 

functional properties. Y-doped CeO2 nanoparticles retain fcc structure, with no 

impurity phases found during synthesis. Doping causes a decrease in lattice 

characteristics and average crystallite size, with reported values around 18.66 nm 

[31]. The structural characteristics of silver-doped CeO2 nanoparticles vary 

significantly depending on synthesis process and dopant concentration. These 

nanoparticles typically have fcc structure, with crystallite sizes determined by the 

amount of silver present. Ag doped CeO2 nanoparticles prepared by solution 

combustion method possess single-phase cubic CeO2: Ag nanoparticles, with 

crystallite sizes decreasing as the Ag concentration increases. This process produces 

single-phase cubic CeO2: Ag nanoparticles, with crystallite sizes decreasing as the Ag 

concentration increases [32]. As reported by Mutassin et al.  [33], Pd doped CeO2 

nanoparticles are typically spherical in shape and range in size from 6 to 13 nm. As 

Pd doping increases, particle size decreases. Doping with palladium reduces 

crystallite size from 67.41 nm to 41.67 nm while increasing overall crystallinity of the 

material. Mixed phases of CeO2 and Ce2O3 are observed, with the latter decreasing as 

Pd concentration increases. W. Lee et al. [34] demonstrated that Y3+ substitutes Ce, 

causing an oxygen vacancy to form. Y3+ distributed irregularly throughout the particle 

at low doping doses. However, as the doping level increased over 11%, Y3+ collected 

on the surface, forming Y-rich clusters. 

 
1.3. Optical properties of undoped and 4d cation doped CeO2 

nanoparticles 
 Doping with 4d cations, such as Y, Ag and Cd, alters the band gap, absorption 

characteristics, and photoluminescence properties, principally by introducing oxygen 

vacancies and changing the Ce3+/Ce4+ ratio [35]. Doping with 4d cations causes the 

optical band gap energy to drop, depending on the doping dose, indicating a red shift 

in absorption spectra and attributed to the development of oxygen vacancies as Ce4+ 

ions are reduced to Ce3+. The existence of oxygen vacancies has an important role in 

enhancing photoluminescence, where higher vacancies corresponded with improved 

luminous properties [36].  



Chapter-1: Introduction and Review of Literature 
 

10 

1.3.1. Optical properties of undoped CeO2 nanoparticles 

 Undoped CeO₂ nanoparticles have unique optical properties, including wide 

band gap (3.0 to 3.6 eV), oxygen vacancies, and Ce⁴⁺/Ce³⁺ redox activity. Quantum 

confinement factors frequently cause the band gap to increase as particle size 

decreases. CeO₂ nanoparticles exhibit optical absorption in the UV region, making it 

suitable for UV shielding applications. CeO₂ nanoparticles also emit 

photoluminescence in the UV-visible spectrum, driven by: defects (oxygen 

vacancies), exciton recombination and surface defects. Luminescence is commonly 

caused by Ce³⁺↔Ce⁴⁺ charge transfer transitions. 

 
1.3.1.1. CeO2 as a UV blocker 

 CeO2 nanoparticles have acquired popularity as UV blockers due to their 

efficient UV absorption capabilities and potential for incorporation into a variety of 

applications, including sunscreens and coatings. CeO2 nanoparticles have high UV 

absorption capabilities, especially when doped with compounds such as calcium 

oxide, which improves their performance. For example, CeO2/20%CaO increased the 

sun protection factor (SPF) from 1.95 to 2.81, showing a 69.39% improvement in UV 

protection [37]. The addition of CeO2 into polyurethane coatings resulted in 60% 

transmittance at 365 nm UV, demonstrating its efficiency in defensive applications. 

CeO2 nanoparticles are used in a variety of formulations, including sunscreens, where 

they not only block UV radiation but also reduce free radical formation, hence 

reducing possible skin damage. CeO2-doped glasses have been created to provide 

almost minimal transmission in the UV region while preserving strong visible light 

transmission, making them perfect for UV protection in eyewear [38]. 

 
1.3.1.2. Optical band gap: 

 The optical band gap (Eg) is an important property that determines the 

electronic and optical properties of nanoparticles, which may be controlled using 

different manufacturing methods and material modifications. According to research, 

doping, temperature, and structural properties all have a substantial impact on the 

band gap values of various nanoparticles systems. At low temperatures, the band gap 

is at 3.35 eV, which decreases to 3.29 eV at ambient temperature due to thermal 

effects. Doping with TM like Fe or Co can effectively lower the band gap. For 
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example, Fe ion implantation lowers the Eg value from 3.14 eV to 2.70 eV. Similarly, 

Co doping can reduce the band gap to roughly 2.0 eV [39].  

 
1.3.1.3. Raman Spectra on undoped CeO2 nanoparticles 

 The most prevalent Raman-active mode is F2g mode (~465 cm⁻¹) is the most 

powerful peak, resulting from symmetric breathing vibrations of oxygen atoms 

around cerium atoms in the fluorite structure. Other Raman characteristics that may 

arise, depending on particle size, defects, and oxygen vacancies, include: (i) Defect-

induced modes (~250-600 cm⁻¹) which generally occur due to oxygen vacancies or 

lattice distortions, (ii) Longitudinal optical mode (LO) (approx. 600-650 cm⁻¹), which 

is sometimes seen due to defect-induced activation, (iii) Overtones and multi-phonon 

modes (~1100 cm⁻¹ and higher): These may arise at higher frequency [40]. In nano-

sized CeO₂, the F₂g mode may move to lower wave-numbers and expand due to 

phonon confinement effects and increasing oxygen vacancy [41]. The Raman 

spectrum of undoped CeO2 nanoparticles is shown in figure 1.3. 

 

 
Figure 1.3: Raman spectra of CeO2 nanoparticles 

 
1.3.1.4. Optical properties of 4d cation doped CeO2 nanoparticles 

 Doping CeO₂ nanoparticles with 4d transition metals (e.g. Zr, Mo, Tc, Ru, Rh, 

Pd, Ag, and Cd) affects their optical, electronic, and luminous properties. Unlike 4f 

rare-earth elements, 4d elements have delocalized d-orbitals, resulting in strong 

charge transfer interactions with CeO₂. This impacts band-gap tuning, defect state 
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creation, PL, and visible/NIR absorption. As reported by B. Xu et al. [42] after 

yttrium doping, oxygen vacancies increased significantly in comparison to undoped 

CeO2. A mole ratio of Ce:Y of 1:0.1 resulted in a maximum oxygen vacancy of 11.2% 

revealed by the Raman spectra. According to D. Van et al. [43], Ag nanoparticles 

promote CeO2's visible light absorption due to the quantum confinement effect and 

the valence change of Ce ions. CeO2's band gap lowers with increasing Ag 

concentration, showing increased optical properties.  The Eg value of Cd-doped CeO2 

films ranges from 3.23 to 3.52 eV, suggesting possible applications in photo-catalysis 

and optoelectronics [44]. Other investigations, however, have demonstrated that the 

band gap can be reduced to around 2.0 eV by altering synthesis settings or using other 

doping techniques [45]. Doping CeO2 nanoparticles with 4d cations such as Y, Nb, 

Ag, Cd, Zr has a considerable influence on their optical band-gap. This effect is 

primarily caused by the introduction of oxygen vacancies and defects into the crystal 

lattice, altering the material's electronic structure and optical properties.  

 
1.3.1.5. Formation of defect states between the energy bands 

 Defect states in CeO₂ nanoparticles arise primarily from oxygen vacancies and 

Ce³⁺ states, which significantly modifies the electronic structure. These defects 

introduce energy levels within the band-gap, affecting the material’s optical, 

electronic, and catalytic properties. Defect states in CeO₂ nanoparticles are 

predominantly caused by oxygen vacancies and Ce³⁺ states, which dramatically affect 

the electronic structure. Oxygen vacancies result in two extra electrons that can be 

focused on cerium ions, reducing Ce⁴⁺ to Ce³⁺. These Ce³⁺ sites create more 4d states 

in the band-gap [46]. Shallow defect states trap electrons, resulting in better charge 

separation in photo-catalysis. Defect-mediated electronic transitions improve electrical 

conductivity in sensor and fuel cell systems. Tailoring the optical and electronic 

characteristics of CeO₂ nanoparticles require the creation of defect states. Oxygen 

vacancies and Ce3⁺ sites provide mid-gap energy levels, leading to improved visible-

light absorption, photoluminescence, and charge transport.  

 
1.3.1.6. Role of oxygen Vacancies 

 Oxygen vacancies significantly affect the optical behavior of CeO₂ 

nanoparticles. These vacancies influence the electronic structure, defect states, charge 

carrier dynamics, and light absorption properties. Oxygen vacancy introduces defect 
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states below the conduction band, leading to band-gap narrowing (red-shift in optical 

absorption) and enhanced visible-light absorption, making CeO₂ more useful in photo-

catalytic and optoelectronic applications. These states allow for sub-band-gap 

electronic transitions, resulting in visible absorption (~400-600 nm). However, 

undoped CeO₂ has poor luminosity due to rapid charge carrier recombination but 

oxygen vacancies are responsible to introduce new defect-related emission peaks in 

the blue-green range (450-550 nm). Enhance radiative recombination by trapping 

electrons, resulting in higher PL intensity. Influence exciton recombination, resulting 

in tunable emission spectra based on vacancy concentrations [47]. Oxygen vacancies 

promote the Ce⁴⁺ → Ce³⁺ transition, which alters the electronic structure and 

influences optical absorption. 

 
1.4. Electronic structure properties of undoped and 4d cation 

doped CeO2 nanoparticles 
 Undoped CeO2 nanoparticles have distinct electronic structural properties due 

to their distinctive defect surface, optical behavior, and electronic transitions. The 

presence of oxygen vacancies is essential because they affect charge compensation 

and electronic conductivity. The generation of Ce3+ ions from Ce4+ due to these 

vacancies improves electronic properties. Ce's 4f and 3d orbitals are principally 

responsible for its electronic structure [48].  

 
1.4.1.  X-ray Photoelectron spectroscopic studies of undoped CeO2 nanoparticles 

 The X-ray photoelectron spectroscopy (XPS) properties of undoped CeO2 

nanoparticles provide valuable information on their electronic structure and oxidation 

states. XPS examination often detects the presence of Ce3+ and Ce4+ ions. The XPS 

results demonstrate that undoped CeO2 contains roughly 20.5% Ce3+ and 79.5% Ce4+ 

ions, which are required for its catalytic characteristics. The presence of various 

oxidation states enhances the material's ability to engage in redox processes. The XPS 

spectra also demonstrate the stoichiometry of oxygen, with a ratio of around 1.9 

oxygen atoms per cerium atom, indicating the presence of oxygen vacancies. 

According to R. Suresh et al., [49] Ce 3d core level spectra exhibit mixed valence 

states of Ce3+ and Ce4+ due to its non-stoichiometry nature. Ce4+ peaks nearly at 921 

and 912 eV, while Ce3+ peaks nearly at 885 and 903 eV. Ce4+ has stronger peaks than 

Ce3+ while Ce4+ ions are primarily found on the surface of cerium oxide nanoparticles, 
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potentially contributing to their blue shift. The charge state change from 3+ to 4+ 

increases the charge-transfer gap between the O 2p and Ce 4f bands. The 

asymmetrical O 1s core level spectra in the binding energy range of 526-540 eV are 

deconvolute into four peaks. The peak observed at ≈528-530 is ascribed to the lattice 

oxygen O2− (OL) while higher binding energy peaks at ≈530-533 eV and ≈533.5-536.4 

eV corresponds to oxygen vacancies (OV) and formation of hydroxyl or absorbed H2O 

species (Oα and Oβ) on their surfaces respectively [50].  

 
1.4.2. X-ray Photoelectron spectroscopic studies on 4d cation-doped CeO2 

nanoparticles 

 Doping CeO₂ nanoparticles with 4d elements (e.g. Zr, Mo, Ru, Rh, Pd, Ag) 

changes their electronic structure, affecting band-gap, charge transport, defect states, 

and catalytic activity. The simpler generation of Ce³⁺ leads to an increase in oxygen 

storage capacity, which improves redox characteristics, making it an effective catalyst 

for fuel cells and exhaust gas treatment. Also, the photo-catalytic activity rises due to 

improved charge separation and longer light absorption. XPS demonstrates that 4d 

cation doping in CeO₂ alters Ce³⁺/Ce⁴⁺ ratios, oxygen vacancy concentration, and 

dopant oxidation states, influencing catalytic and electronic characteristics. Dopants 

such as Mo, Ru, and Rh improve reducibility by promoting Ce³⁺ production and 

oxygen vacancies, while Pd and Ag alter surface chemistry and charge transfer. As 

reported by C. Sun et al. [51] that Y 3d doublet, having peaks at 157.4 eV (Y3d5/2) 

and 159.3 eV (Y3d3/2), indicates the presence of Y3+ species. Ce does not affect the 

position of Y 3d peaks, suggesting a modest interaction between the two elements. 

Increasing Y concentration does not result in a linear increase in Y/Ce atomic ratios. 

This effect may be caused by an uneven distribution of Y between the bulk and 

surface, or by larger Y2O3 particles in higher Y content samples. In case of Nb doped 

CeO2 nanoparticles, W. Zhang et al.  [52] reported that as the concentration of Nb 

dopant increases, Nb5+ ions replace Ce4+ ions and donate electrons into CeO2's 

conduction band. This causes a change in Ce3+ ions, regulating the oxygen vacancy 

content. In case of XPS spectra of Ag-doped CeO2 nanoparticles, M. Mittal et al. [53] 

have found that the surface has significantly larger concentrations of Ce3+ or oxygen 

vacancies than the interior. XPS spectra of Rh-doped CeO2 indicates that the mobile 

oxygen of CeO2 significantly affect the oxidation status of the supported metals. 

Elevated temperatures promote oxidation of the reduced support surface and metals 
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due to the separation of oxygen species from ceria at the surface. Oxidized CeO2 

surfaces can easily release oxygen in the presence of Rh, resulting in the reduction of 

the noble metal [54].  

 
1.5. Magnetic properties of undoped and 4d cation doped CeO2 

nanoparticles 
1.5.1. Ferromagnetism in DMOs: 

 DMS are materials in which a small fraction of the semiconductor's atoms is 

replaced (doped) with magnetic atoms, usually transition metal such as Mn, Fe, or Co. 

These dopants introduce localized magnetic moments and modifying carrier 

concentration (for example, Mn behaves as both a magnetic ion and an acceptor in 

GaAs). Ferromagnetism in DMS results from indirect coupling mediated by charge 

carriers, primarily holes, rather than direct interaction between magnetic ions. The 

holes interact with the localized magnetic moments through an exchange interaction.  

This causes the hole's spin to align anti-parallel to the spin of the magnetic ion.  When 

multiple holes interact with many ions, the magnetic ions align parallel to one 

another, resulting in ferromagnetism. The spin alignment in ferromagnetic material is 

shown in figure 1.4. 

 

 
Figure 1.4: Alignment of a randomly ordered magnetic spin system: (a) in 

absence of an external magnetic field and (b) with an external magnetic field 

 
 There are several theoretical models, describing the origin of ferro-magnetism 

such as Zener model, RKKY model, BMP and FCE mechanism. The Zener Model / 

Mean-field Theory describe hole-mediated spin alignment and predict a reliance on 
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carrier concentration while RKKY Interaction is an oscillatory, long-range indirect 

exchange interaction using conduction carriers. Ferromagnetism in CeO₂ 

nanoparticles is an intriguing issue because bulk CeO₂ is not ferromagnetic but a non-

magnetic, large band gap semiconductor. CeO₂ nanoparticles exhibit surprising 

RTFM, prompting much research. CeO₂ typically includes Ce⁴⁺ ions, but when 

oxygen vacancies occur (particularly in nanostructures), some Ce⁴⁺ ions are converted 

to Ce³⁺ to preserve charge neutrality [55]. Unpaired 4f electrons in Ce³⁺ ions can lead 

to localized magnetic moments. Ferromagnetic interactions can occur through bound 

magnetic polarons (BMPs): magnetic moments around oxygen vacancies can overlap 

and align, resulting in long-range magnetic ordering. Although, nanoparticles have 

high surface-to-volume ratio, hence surface defects are far more common than in bulk 

materials [56].  These surface imperfections can drastically change the electrical 

structure, allowing magnetic ordering. Doping with TM (such as Fe, Co, and Ni) or 

rare-earth elements can improve or alter magnetic characteristics. However, even 

undoped CeO₂ nanoparticles have displayed RTFM due to inherent defects The 

studies highlight the involvement of defects, hybridized states, and dopant in 

ferromagnetism in 4d-doped cerium oxide systems [57]. 

 
1.5.2. Super-Para magnetism in DMOs 

 Super-Para magnetism (SPM) occurs when ferromagnetic or Ferri-magnetic 

nanoparticles are sufficiently tiny (<30 nm) that thermal energy can randomly reverse 

their magnetization direction. These materials are highly magnetically susceptible and 

behave like paramagnets, but with substantially greater magnetic moments per 

particle. In DMOs, SPM behavior frequently occurs because of formation of magnetic 

clusters or secondary phases (for example, metallic Co in Co-doped ZnO), the host 

oxide or doped grains have a nano-scale size or the magnetic ions aggregate in places 

rather of being distributed uniformly. Instead of long-range ferromagnetic order, these 

magnetic clusters behave like single-domain particles, exhibiting super-paramagnetic 

properties. Although CeO₂ is essentially non-magnetic, its nano-scale form frequently 

exhibits SPM behavior, mainly due to surface defects, oxygen vacancies, and mixed 

valence states (Ce⁴⁺/Ce³⁺). This phenomenon is common in undoped or weakly doped 

CeO₂ nanoparticles prepared under certain conditions. CeO2 nanoparticles, 

particularly those doped with Fe, Co, or Mn, exhibit super-paramagnetic properties at 

room temperature, with blocking temperatures of roughly 20 K [58]. The magnetism 
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of these nanoparticles is affected by their size and the presence of oxygen vacancies, 

which support magnetic interactions. Doping with transition metals such as Fe3+ 

greatly improves the magnetization of CeO2 nanoparticles, with Fe-doped samples 

having the greatest magnetization values. Ce3+ ions and oxygen vacancies play an 

important role in mediating ferromagnetic interactions, which contributes to the 

observed super-paramagnetic behavior [59]. 

 
1.5.3. Various Theories to explain ferromagnetic behavior of undoped and 4d 

cation doped CeO2 nanoparticles 

 Undoped CeO₂ nano powders exhibit modest ferromagnetism at room 

temperature attributed to oxygen vacancies and localized Ce³⁺ ions on the surface. The 

F-center exchange, double exchange interaction and BMP models are several models 

to explain how 4d TM doping enhances ferromagnetism by increasing oxygen 

vacancies, strengthening BMP coupling, and perhaps introducing novel orbital 

interactions. 

 
1.5.3.1. Carrier Mediated Exchange (RKKY Model) 

 The RKKY model is an important idea for understanding indirect exchange 

interactions in magnetic materials, particularly DMSs and DMOs. The acronym 

RKKY stands for Ruderman-Kittel-Kasuya-Yosida. It addresses the indirect exchange 

interaction of localized magnetic moments (such as those from doped magnetic ions) 

in a metal or semiconductor via conduction electrons. In this model, magnetic ions are 

randomly distributed in a non-magnetic host material, such as CeO2. These magnetic 

ions do not interact with one another, but instead interact via conduction electrons 

(free or weakly bound electrons in the material). These electrons "feel" the presence 

of a magnetic ion and become spin-polarized. This spin-polarization spreads in an 

oscillatory way and affects surrounding magnetic ions, causing them to align their 

spins in either ferromagnetic or anti-ferromagnetic orientation. If free carriers (for 

example, oxygen vacancies or doping) are present in DMOs, the RKKY model can 

assist explain long-range magnetic ordering between dilute magnetic ions. The 

strength of the RKKY interaction is strongly dependent on the distance between Ce 

ions. As the distance rises, the contact often diminishes, following a power-law 

pattern, which is critical for understanding magnetic ordering in nanoparticles. The 

RKKY coupling constant varies with temperature, indicating that ferromagnetic 
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interactions may persist even at high temperatures, which is relevant for applications 

in spintronics [60]. 

 
1.5.3.2. F-Centre Exchange (FCE) Interaction. 

 An F-center is an oxygen vacancy in an oxide lattice that holds an electron. 

Trapped electrons in magnetic oxides like CeO₂, ZnO, and TiO₂ facilitate magnetic 

coupling between non-magnetic or weakly magnetic ions. Oxygen vacancies arise in 

the oxide lattice, leaving behind two electrons. These electrons may localize at the 

vacancy site, generating an F-center. Charge compensation reduces nearby cations, 

such as Ce⁴⁺, to Ce³⁺. These Ce³⁺ ions exhibit localized magnetic moments (4f¹). The 

F-center (trapped electron) can overlap with the orbital of two nearby magnetic ions, 

such as Ce³⁺, resulting in indirect exchange coupling. The intrinsic ferromagnetism in 

CeO2 is believed to be explained by the FCE mechanism as nanocrystalline CeO₂ has 

a high number of oxygen vacancies and Ce⁴⁺ ↔ Ce³⁺ transitions are frequently 

observed due to redox flexibility [61]. 

 
1.5.3.3. Bound Magnetic Polarons (BMP) Model 

 A magnetic polaron is a quasi-particle created when a charge carrier (e.g., 

electron or hole) is surrounded by a zone of aligned magnetic moments (usually from 

localized magnetic ions such as Mn²⁺ in diluted magnetic semiconductors). The 

carrier polarizes the spins of adjacent magnetic ions through exchange interactions. 

This forms a local ferromagnetic zone, which stabilizes the carrier. It's like a "bubble" 

of magnetic alignment that moves alongside the carrier. In recent years, extensive 

research has been conducted on the properties of a shallow donor electron paired with 

non-uniform spin polarization of localized 3d or 4f electrons. A bound magnetic 

Polarons (BMP) is the ultimate bound state with significant electrostatic and magnetic 

(s-d coupling) energy. Doping leads to an exchange interaction between oxygen 

vacancies and dopant ions. These electrons are coupled to a defect called an oxygen 

vacancy, which is housed in a hydrogenic orbital.  In this case, hydrogenic electrons 

are obtained from a BMP by correlating with three-dimensional metal ions inside their 

orbits. Doping causes FM by exchange interactions between free charge carriers and 

spin of dopant ions, resulting in an exchange contact between oxygen vacancies and 

dopant ions. These interactions lead to the creation of BMPs. In the doped system, 

magnetic vacancies accept one electron to form an H-like orbit of limited radius 'r'. 
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The FM behavior with radius 'r' results from the interaction of doped magnetic ions 

with impurity electrons [62]. When the defect concentration is above the percolation 

threshold, the dopant ions form complexes groups through oxygen vacancy-mediated 

coupling. Bridging oxygen vacancies improves system stability and creates local 

magnetic Polarons, causing FM [63]. Figure 1.5 indicate that F centers use oxygen 

vacancies and interact with dopant ions to produce BMPs. Overlapping of these 

causes long-range FM ordering. In this way, this study emphasizes the importance of 

the BMP model and sheds light on the process behind dilute ferromagnetism. 

 

 
Figure 1.5: Schematic representation of bound magnetic polaron 

 
1.5.4. Various Magnetization parameters 

 Magnetic parameters are physical parameters used to explain the magnetic 

behavior of materials. Here are some of the most frequent magnetic parameters, along 

with brief descriptions: Magnetic susceptibility (χ) is a dimensionless proportionality 

constant that determines a material's magnetization in response to a magnetic field. It 

is given by χ = M/H, where M represents magnetization (A/m) and H represents the 

magnetic field strength (A/m). The magnetization is the vector field representing the 

density of permanent or induced magnetic dipole moments in a magnetic material. 

Magnetic flux density (B) refers to the quantity of magnetic flux per unit area 

perpendicular to the direction of magnetic flow. A constitutive relationship relates the 
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M-H and B-H loops: B equals μ0 (M + H) in SI units [64, 65]. The saturation 

magnetization is the maximum magnetization occurs when all magnetic dipoles align 

in an external magnetic field.  

 
1.5.5. Dependence of saturation magnetization on oxygen vacancies 

 The relation between saturation magnetization and oxygen vacancies is crucial 

in many magnetic materials, especially transition metal oxides. According to research, 

oxygen vacancies have a considerable impact on magnetic characteristics, especially 

saturation magnetization (Ms), via ferromagnetic and anti-ferromagnetic interactions 

[66]. Oxygen vacancies can have a major influence on saturation magnetization, 

particularly in oxide materials like transition metal oxide. Oxygen vacancies can 

reduce the oxidation state of neighboring transition metal ions. In CeO2, oxygen 

vacancies can transform Ce4⁺ to Ce3⁺. Mixed valence states (e.g., Ce4⁺/Ce³⁺) allow for 

double exchange interactions, boosting ferromagnetism and Ms. In non-magnetic 

materials like ZnO or TiO₂, oxygen vacancies can cause magnetism without the 

presence of magnetic ions. This is due to polarization of the conduction band or the 

formation of magnetic polarons, which increases saturation magnetization. For 

example, in Co-doped TiO2, an optimum concentration of oxygen vacancies leads to a 

maximum Ms of 1.19 emu/g, but excessive vacancies can reduce magnetization due to 

anti-ferromagnetic interactions among Co2+ ions [67]. Excessive oxygen vacancies in 

certain materials can lead to disorder or anti-ferromagnetic interactions, reducing 

magnetization. This impact is nonlinear, with an optimal degree of vacancies for 

maximum magnetization. 

 
1.5.6.  Magnetic properties of 4d cation doped CeO2 nanoparticles. 

 The magnetic characteristics of 4d cation doped CeO2 nanoparticles have been 

intensively investigated, yielding important information about their ferromagnetic 

behavior and the effect of oxygen vacancies. Yttrium doping causes FM in CeO2 

nanoparticles, with Ms increasing up to a doping level of 9% before decreasing. The 

presence of Y3+ ions causes the formation of oxygen vacancies, which are necessary 

for improving magnetic characteristics. These voids promote charge delocalization, 

which contributes to the observed ferromagnetism [33]. Kumaran et al. [68] reported 

that increasing Pd concentration from 3% to 5% reduces paramagnetic ordering. Both 

Pd-doped materials show non-saturating M-H curves at high magnetic fields, 
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demonstrating magneto-crystalline anisotropy. These findings reveal a weak 

paramagnetic ordering in the Pd-doped materials, with 5% Pd-doped CeO2 exhibiting 

a preference of diamagnetic behavior over paramagnetic ordering. Silver doping can 

supply additional charge carriers and modify the electronic structure of CeO2, 

potentially improving magnetic interactions using methods such as FCE and bound 

BMP models [69].  

 
1.6. Applications of 4d cations doped CeO2 nanoparticles 
1.6.1. Photo-catalyst 

 The photo-catalytic uses of 4d cation-doped CeO2 nanoparticles have received 

a lot of attention due to their increased efficacy in degrading organic contaminants 

and promoting chemical processes under light irradiation. Under UV irradiation, the 

charge separation process allows photo-generated electrons in semiconductors to 

migrate from the conduction band to the noble metal. The presence of noble metals 

slows electron-hole pair recombination in semiconductors, increasing photo-catalytic 

activity [70]. Several studies have shown that doping CeO2 with 4d cations can 

increase its photo-catalytic characteristics by altering its electronic structure and 

producing oxygen vacancies, which provokes photo-catalytic activity. As reported by 

K. Negi et al.  [71] in case of Ag/CeO2 nano-crystal material, the photo-degradation 

of Rh B dye increases from 0.1 to 0.15 g of catalyst, but declines at 0.2 g. For 

complete photo-degradation of Rh B, the prepared Ag/CeO2 catalyst should weigh 

0.15 g. The UV-Vis spectra of deteriorated Rh B dye over 0.15 g of Ag/CeO2 catalyst 

demonstrated complete degradation under UV light. According to A. Akbari et al., 

[72] under visible light, Y-doped CeO2 effectively degrades Rhodamine B solution for 

6 hours because of the reduced band-gap value in the visible area, as confirmed by the 

UV-visible reflectance spectrum. Furthermore, because yttrium doped CeO2 has a 

larger surface area than undoped CeO2, visible light irradiation on its surface 

effectively creates electrons and holes through redox (reduction and oxidation) during 

the photo-catalytic reaction. The experimental results of S. Gnanam et al. [73] 

reported that the photo-catalytic activity of Cd2+ doped CeO2 is higher than that of 

Pd2+ doped CeO2, indicating that Cd2+ has a better degradation efficiency. 
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1.6.2. Electrochemical applications 

 Electrochemical properties refer to the numerous behaviors that materials 

display during redox reactions, which are determined by their structural and 

compositional characteristics. These properties are important in many applications, 

including energy storage, corrosion protection, and sensor technology. Because of 

their high specific capacitance and electro-active surface area, CeO2 nanoparticles 

show promise for energy storage and electro-catalysis applications. A wide range of 

electrochemical methodologies have been used to investigate super-capacitors, 

including galvanostatic charge-discharge cycling, cyclic voltammetry (CV), and 

electrochemical impedance spectroscopy. The sections that follow provide the 

important discoveries about the electrochemical performance of CeO2 nanoparticles 

when doped with 4d cation elements. 

 
1.6.3. Supercapacitor Applications of 4d cation doped CeO2 nanoparticles 

 The electrochemical characteristics of 4d cation-doped CeO2 nanoparticles 

have been thoroughly investigated, demonstrating significant improvements in their 

performance for energy storage applications. Doping with elements like Ag, Y, and 

Cd has been demonstrated to improve CeO2's structural integrity and electrochemical 

behavior, making it an attractive option for super-capacitors and other electrochemical 

devices. Recently, Arularasu et al. [74] found that the (CeO2-Zr) electrodes showed a 

capacitance of 198 Fg−1 at a current density of 1 A/g and retained around 94.9% of 

their capacity after 3750 cycles. This suggests both strong reversibility and 

exceptional stability. A ternary Ag/CeO2/rGO nanocomposites prepared by M. 

Vanitha et al. [75], reported to results in a high-specific capacitance electrode. The 

constructed ternary nano-composite had a specific capacitance of 710.42 Fg−1. At a 

current density of 0.2 Ag-1, the nano-composite's three components contribute 

significantly to its efficiency as a supercapacitor. The ternary Ag/CeO2/rGO nano-

composite has excellent recycling stability, making it a promising material for 

supercapacitor applications. Several key components determine a system's 

electrochemical properties, such as a supercapacitor or a battery. These attributes have 

an impact on the system's performance, efficiency, and applicability for specific 

applications. The primary components of electrochemical characteristics are: 
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1.6.3.1. Cyclic Voltammetry 

 The process involves oxidation and reduction reactions that produce distinct 

peaks in the current vs. voltage (I-V) curve, often known as a voltammogram [76]. 

The CV analysis of CeO2 nanoparticles and their Zr-doped version has been 

conducted by Arularasu et al. [74] throughout a potential window of -0.5 to 0.8V at 

scan speeds ranging from 5 to 100 mVs−1. This analysis provided substantial insights. 

The electrochemical behavior of these materials reveals redox peaks that highlight 

their pseudo-capacitive properties, principally due to cerium valence state transitions 

(Ce3+/Ce4+). According to Murugadas et al. [77], doping Ag with CeO2 

nanostructures enhances surface kinetics and electronic conductivity in the material. 

Ag and CeO2 nanoparticles have a synergistic impact, resulting in increased 

capacitance in the CV of doped samples. This is due to the larger surface area and 

strong electrical conductivity of the nanoparticles. While the emphasis on 4d cation-

doped CeO2 nanoparticles is encouraging, it is required to consider the larger 

implications of doping and composite formation on the electrochemical properties of 

various nanostructures, as these factors can have a significant impact on performance 

outcomes in practical applications. 

 
1.6.3.2. Galvanic Charging Discharging 

 The electrochemical properties of 4d cation doped CeO2 nanoparticles, 

particularly during galvanic charging and discharging, show considerable 

improvements in performance measures such as specific capacitance and cycling 

stability. Doping with TM has been demonstrated to improve CeO2's electrochemical 

performance, making it a suitable candidate for supercapacitor use. Murugadoss et al. 

[77] reported that doping Ag with CeO2 nanostructures enhances surface kinetics and 

electronic conductivity in the material. Nanoparticles in doped samples exhibit 

increased capacitance in the GCD curve due to their larger surface area and strong 

electrical conductivity. Based on the GCD result, M. Sun et al. [78] reported that Zr-

doped CeO2 electrode has significantly higher capacity than pristine CeO2, even at 

high current density of 10 A/g.  

 
1.6.3.3. EIS  

 The electrochemical impedance spectroscopy (EIS) and Nyquist plot analysis 

of 4d cation-doped CeO2 nanoparticles provide valuable information on their 
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electronic properties and charge transport mechanism. EIS offers information about 

the charge transfer resistance and capacitance of nanoparticles. The Nyquist plot often 

shows a semicircle at high frequencies, suggesting charge transfer resistance, and a 

straight line at low frequencies, representing Warburg impedance due to ion diffusion 

[79]. The diameter of the semicircle corresponds to the charge transfer resistance; 

smaller diameters imply increased conductivity due to efficient doping. The slope of 

the low-frequency line represents the diffusion behavior of ions, which is affected by 

the concentration of dopant and the associated defect structure. As reported by 

Matussin et al.  [32] that significant reactions were observed with both 3% and 5% 

Pd-doped CeO2 nanoparticles, particularly when exposed to visible light. Lower 

resistances from 3% and 5% Pd-CeO2 indicate faster interfacial charge transfer. M. 

Vanitha et al.   [75] reported that the Rct values for Ag/CeO2/rGO, CeO2/rGO, and 

CeO2 were 95, 210, and 527 Ω, respectively. The lower electrolytic resistance of 

Ag/CeO2/rGO ternary composite outperforms the CeO2/rGO nano-composite due to 

its vertical domain parallel to the imaginary axis.  

 
1.7. Main Objectives of the Research Work 
The main objective of proposed research work is 

• To investigate the structural properties of 4d transition elements doped CeO2 

nano-materials such as particle size, lattice-parameters, lattice spacing and 

surface morphology. 

• To determine the optical properties of 4d transition elements doped CeO2 nano 

materials such as absorption peaks, band gap energy and refractive index. 

• To investigate the electronic structure properties of 4d transition elements 

doped CeO2 like electronic and chemical state of given compound with 

defects. 

• To investigate the magnetic properties of 4d transition elements doped CeO2 

like coercivity, saturation magnetization and remanence. 

 
1.8. Discussion 
 DMS materials bridge the gap between magnetism and semiconductor physics, 

making them critical to the development of next-generation spintronics devices. They 

provide a technique to combine memory and logic, resulting in faster, more energy-
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efficient electronics. Among these materials, CeO2 is a multifunctional material with 

potential applications in green energy, environmental technology, nano-medicine, and 

next-generation electronics. Its distinct redox activity and nano-structuring potential 

put it at the center of various future technological developments. Doping CeO₂ with 

4d cations creates oxygen vacancies, alters the electronic structure, and improves 

catalytic and photo-catalytic performance. These alterations make 4d-doped ceria an 

excellent choice for nano-electronic applications. The main purpose of this research 

work is to highlight the study on 4d cation-doped CeO₂ nanoparticles, focusing on 

improving or exploring functional properties relevant to our application (e.g., 

spintronics, LEDs, catalysis, super-capacitors etc). 

 
1.9.  Concluding Remarks 
 Although additional research on doped CeO2 is needed to confirm that room-

temperature ferromagnetic characteristics in the CeO2 lattice are intrinsic. Meeting the 

world's energy demands necessitates the discovery and development of new electrode 

materials with higher energy and power density, as well as superior performance. 

There is still much work to be done to establish a correlation between the structural, 

optical, electronic, magnetic, and electrochemical properties of these samples, so we 

chose to tackle this task in the current thesis with 4d transition metal impurities in the 

CeO2 lattice to study all properties as well as their application in spintronics, 

optoelectronics, and super-capacitors. Ce is the most important member of the 

lanthanide spectrum because to its non-toxic and environmentally friendly properties.  
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Chapter-2 

Synthesis of Nanoparticles and Characterization Techniques 
 

2.1. Introduction 
 Chemical synthesis, sample analysis, and result interpretation are all part of 

the Rare Earth and transition metal doped Cerium Oxide research. As a result, this 

chapter describes sample processing techniques, such as sample preparation and 

experimental methods. In materials science, “characterization” refers to the process of 

studying and comprehending material properties. Characterization techniques are 

critical for understanding material properties and behaviors in a variety of domains, 

including ceramics, nano-materials, and advanced materials such as graphene. These 

techniques allow researchers to evaluate mechanical, chemical, and structural 

properties, hence facilitating material creation and use. As a result, this chapter 

provides a summary of the various characterization techniques used in this study. 
 
 There are several methods for preparation of nanoparticles, each customized to 

a different material and application. Some common processes are hydrothermal [80], 

sol gel [81], sono-chemical [82], combustion [83], co-precipitation [84], micro-

emulsion [85] and chemical vapor deposition. Among these methods, the 

coprecipitation process is frequently used for the synthesis of nanoparticles and 

materials because of its multiple applications. This approach allows for exact control 

over particle size, composition, and morphology, making it useful in a variety of 

applications. However, it requires careful reaction conditions to avoid agglomeration 

or unwanted phase formation. In this study, oxides nanoparticles are synthesized 

utilizing a co-precipitation method.  
 

2.2. Preparation Technique: Co-Precipitation Method 
 The co-precipitation method is a well-known technique for synthesizing 

nanoparticles, particularly metal oxides, and it has unique advantages and challenges 

when compared to other synthesis methods. However, it frequently results in a broad 

size distribution, which might have an impact on nano-particles morphology and 

characteristics. 

 
 The procedure entails combining metal salt solutions, followed by the addition 

of a precipitating agent, usually in a basic solvent. Nucleation, proliferation, and 
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coagulation of particles are important mechanisms that might cause poly-disparity in 

size distribution.  

 
 Controlling parameters like pH and temperature allows for the control of 

particle properties, which influences their morphology and size. Figure 2.1 depicts a 

flow chart for each of the stages involved in the co-precipitation method. 

 

 
Figure 2.1: Flow chart of the preparation of the nanoparticles by the co-

precipitation method 

 
2.1.1. Co-precipitation Method 

 The co-precipitation method is a common process in materials science and 

chemistry for preparation of nanoparticles and mixed metal oxides or hydroxides. The 

following are the major steps in the co-precipitation method. Dissolve metal salts 

(such as nitrates, chlorides, or sulfates) in distilled or distilled water. This procedure 

ensures a uniform distribution of metal ions. Add a precipitating agent, such as NaOH 

or NH₄OH drop-wise to the metal ion solution while constantly stirring. Allow the 

precipitate to age for a set amount of time (4 hours), during which particle 

development, crystallization, and phase transitions may occur. Filtering, centrifuging, 

or decanting is used to separate the solid precipitate from the liquid phase. Wash the 

precipitate with distilled water (or ethanol) to eliminate any soluble contaminants, dry 

the cleaned precipitate in an oven (usually between 60 and 120°C) and then annealed 



Chapter-2: Synthesis of Nanoparticles and Characterization Techniques 
 

28 

at 500°C. This method used the appropriate stoichiometry ratio of Alfa-Aesar's high 

purity chemicals, Ce(NO3)3.6H2O, AgNO3, Y(NO3)3.6H2O and CdNO3.4H2O to yield 

Ce1-xAgxO2, Ce1-xYxO2 and Ce1-xCdxO2 nanoparticles. First, these compounds are 

methodically weighed using an accurate Percisa XB 220A balance with 0.0001 gm 

precision to determine their stoichiometry ratio as shown in figure 2.2. 

 

 
 Figure 2.2:  Photograph of Precisa XB 220 A Analytical Balance 

 
2.3.  Characterization Techniques 
 This section gives an overview of the characterization techniques for undoped 

and transition metal doped CeO2 nanoparticles. The following are major 

characterization techniques commonly employed in the field. X-ray Diffraction 

(XRD) is used for phase identification and crystallite size investigation, XRD is 

essential for understanding the structural characteristics of materials. Scanning 

Electron Microscopy (SEM) provides high-resolution pictures of sample surfaces that 

reveal topographical features. Transmission Electron Microscopy (TEM): allows for 

atomic-level imaging, which is essential for understanding material structure. Energy 

Dispersive X-ray Spectroscopy (EDX) is used to determine the elemental 

composition. UV-Vis NIR spectroscopy is important for identifying the optical band 

gap of materials because it allows for the examination of electronic transitions, which 

can reveal whether the band gap is direct or indirect. Raman Spectroscopy provides 

insights into molecular vibrations and can characterize materials such as ceramics and 

glasses, revealing structural and compositional information. Photoluminescence 

https://www.indiamart.com/proddetail/precisa-xb-220-a-analytical-balance-20316229212.html
https://www.indiamart.com/proddetail/precisa-xb-220-a-analytical-balance-20316229212.html
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Spectroscopy (PL) is an important tool for studying semiconductors' optical and 

electrical properties. It offers information on lattice defects, crystal structures, and 

carrier dynamics, making it extremely useful for material characterization. XPS 

determines chemical states and valence state. Two ways for determining the magnetic 

properties of nanoparticles are the vibration sample magnetometer (VSM) and the 

superconducting quantum interferometer device (SQUID). Understanding these 

characteristics is essential for applications like magnetic storage, MRI, and 

spintronics. Electrochemical study determines the material's energy and power 

density. While these methods are effective, they frequently require additional 

approaches to get a thorough understanding of material properties. This highlights the 

complexity of material characterization in research and industry. 

 
2.4.  X-Ray Diffractometer 
 The X-ray Diffractometer is an important tool in material science, used to 

identify and characterize crystalline solids. It works on the principle of X-ray 

diffraction, in which monochromatic X-rays (Cu Kα; 1.54 Å) interact with parallel 

crystal planes and scattered by the crystal lattice, resulting in a distinct diffraction 

pattern that gives structural information about the material. In this method, each 

lattice point in the parallel planes serves as a slit, and constructive interference 

produces sharp diffraction peaks in the graph (as shown in figure 2.3).  

 

 
Figure 2.3: A Schematic Representation of Diffraction of X-Ray By crystallographic 

Plane (Bragg’s Law) 
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2.4.1. Principle of XRD: 

 When X-rays with wavelengths equivalent to inter-atomic distances (0.15-0.4 

nm) impact a crystal, they scatter in specified directions due to the periodic 

arrangement of atoms. This scattering produces constructive and destructive 

interference patterns, which can be used to determine crystal structure (figure 2.4). 

Constructive interference between dispersed rays arises when the difference in path 

length between two diffracted rays is an integral number of wavelengths. Bragg's law, 

also called Bragg's equation, states this situation mathematically as follows [86]:  

 𝟐𝟐𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅𝒅 = 𝒏𝒏𝒏𝒏  (2.1) 
 
 Here, n is an integer, d is the interplanar distance, θ is the angle between the 

incident beam and the lattice planes, and λ is the X-ray wavelength. This approach 

allows for the determination of crystallographic structures and is critical for 

determining parameters such as the Crystallinity Index (CI) in materials. Misaligned 

samples can cause peak broadening and shifts in diffraction patterns, making it 

difficult to fulfill Bragg's Law.  Overall, while Bragg's law is a fundamental principle 

of XRD, its implementation is impacted by a variety of experimental settings and 

theoretical considerations. The θ/2θ scan technique is extensively used to obtain 

diffraction patterns, allowing for both qualitative and quantitative investigation of 

minerals. Crystal phases are identified by examining the angles and intensities of 

diffraction spots. Overall, XRD is an important technique in materials research. 

 

 
                                          Figure 2.4: Bragg’s diffraction 
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2.4.2.  Instrumentation and Working: 

 The Brucker D8 Advance X-ray Diffractometer (figure 2.5) employs 

monochromatic Cu Kα radiation (λ = 1.54 Å) to produce XRD patterns for all 

samples. The X-ray source stayed stationary as the sample holder spun on its axis, and 

the detector followed suit. At room temperature, every sample's XRD patterns are 

recorded throughout the 2θ range of 10o to 90o, with a scanning speed of 0.05o min-1 

and a counting duration of 5 seconds each step. The XRD technique can determine 

crystallite size and microscopic strain using Debye Scherer's equation [87]. 

 𝑫𝑫 = 𝒌𝒌𝒌𝒌
𝜷𝜷𝜷𝜷𝜷𝜷𝜷𝜷𝜷𝜷

   (2.2) 

 
 The particle form factor (k) is 0.9, λ is the X-ray wavelength (1.54 Å), θ is the 

diffraction angle (in degrees), and β is the FWHM of the XRD peak (in radians). The 

calculated value of FWHM (β) is: 𝛽𝛽 = �(𝛽𝛽𝑚𝑚2 − 𝛽𝛽𝑖𝑖2), where βm and βi represent 

measured and instrumental broadening, respectively. The formula for determining the 

lattice constant of the samples is: 𝑎𝑎 = 𝑑𝑑�(ℎ2 + 𝑘𝑘2 + 𝑙𝑙2), where d and a denote the 

interplanar distance (h k l) and the lattice constant, respectively.  

 

 
Figure 2.5: Image of Brucker D8 Advance X-ray Diffractometer 
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 The Williamson-Hall (W-H) equations are essential for assessing crystallite 

size and micro-strain in materials using X-ray diffraction. The Williamson-Hall 

technique demonstrated how the approximation equations for size broadening (𝛽𝛽𝑙𝑙) and 

strain broadening (𝛽𝛽𝑒𝑒) varied dramatically based on Bragg angle (θ) [88].  

 𝜷𝜷𝒕𝒕𝒕𝒕𝒕𝒕 =  𝜷𝜷𝒆𝒆 + 𝜷𝜷𝑳𝑳 = 𝑪𝑪𝑪𝑪 𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 + 𝑲𝑲𝝀𝝀
𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳

   (2.3) 

 𝜷𝜷𝒕𝒕𝒕𝒕𝒕𝒕𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄 = 𝑪𝑪𝑪𝑪 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 +  𝑲𝑲𝝀𝝀
𝑳𝑳

    (2.4) 

 
When the above equation is compared to the equation of straight line: 

 𝒚𝒚 = 𝒎𝒎𝒎𝒎 + 𝑪𝑪   (2.5) 
 
 The slope of the plot βtot cosθ versus  sinθ yields strain (Cε) and crystallite 

size (K/L) components is determined using the intercept. Figure 2.6 is an example of a 

Williamson-Hall plot.  

 

 
Figure 2.6: W-H plot of undoped CeO2 nanoparticles 

 
2.4.3.  Rietveld Refinement: 

 Rietveld refinement is an important technique in crystallography that extracts 

detailed structural information from powder X-ray diffraction precise structural 

analysis in materials science and crystallography, enabling advances in a variety of 

applications. The well-known mono-crystalline diffraction approach is used to create 

best-fit criteria based on numerous R factors. The R factors include the Rp-profile, 

Rwp-weighted profile, Rb-Bragg factor, and others. This work employs the 

FULLPROOF software for Rietveld refinement [89]. The pseudo-Voigt function is 

used to fit parameters to a given data point. Volume, atomic functional sites, and Rf 
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factors are the refined properties obtained. This technique provides information on 
lattice parameters, strain, grain/particle size, dislocation density, and phase 
composition. 
 
2.4.4.  Information acquired from XRD: 

 XRD can determine the orientation and crystalline phase of a nanocrystalline 
material by examining its atomic and molecular structure. This technique provides 
information on lattice parameters, strain, grain/particle size, dislocation density, and 
phase composition.  
 
2.5.  Energy Dispersive X-ray Spectroscopy (EDX): 

 EDX is an important analytical technique for detecting the elemental 
composition of materials, especially in materials science and nanotechnology. EDX 
detects the characteristic X-rays generated by a sample when bombarded with high-
energy electrons, allowing for both qualitative and quantitative study of elemental 
elements. The EDX setup is consists of four main parts: (1) a beam source, (2) an X-
ray detector, (3) a pulse processor, and (4) an analyzer. X-rays are employed to 
convey the energy difference between the low- and high-energy shells. Recent 
advances in detector technology have substantially improved the throughput and 
resolution of EDX, allowing for quick analysis with precision down to 1% weight 
concentration. The approach is especially useful when paired with scanning electron 
microscopy (SEM), which provides great spatial resolution and the capacity to study 
nanoparticles. Furthermore, EDX can be adapted for use in low-energy electron 
microscopes, increasing its applicability. 
 

 
Figure 2.7: Photograph of the TESCAN MIRA 3 FESEM Instrument Equipped 

with EDX 
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In this study, the quantitative analysis of undoped CeO2 and Y, Ag- doped CeO2 

samples was performed using a TESCAN MIRA 3 FESEM equipped with an EDX 

system (figure 2.7) at Banasthali Vidyapith in Jaipur, India.  

 
2.5.1.  Information acquired from EDX: 

 EDX is used to identify trace elements in samples, such as gunshot residues 

and paint chips, while maintaining evidence integrity. Furthermore, EDX has been 

used in soil research to produce 2D chemical maps that disclose soil composition at 

high resolutions. The adaptability of EDX in these applications emphasizes its 

importance in both research and practical contexts.  

 
2.6.  Scanning Electron Microscope (SEM) 
 Scanning Electron Microscopy (SEM) is a sophisticated imaging technique that 

uses a concentrated electron beam to scan a specimen's surface, resulting in high-

resolution images with an impressive depth of field [90]. SEM is particularly useful for 

characterizing materials, such as biological samples and electrochemical devices. The 

main components are an electron gun, which generates the electron beam, and several 

lenses, which concentrate the beam on the sample. Furthermore, modern techniques, 

such as surface height measurement, improve resolution and accuracy. The use of EDX 

enables elemental analysis, making SEM a powerful tool in materials science.  

 

 
Figure 2.8: A schematic diagram of SEM 
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 A schematic diagram of SEM (figure 2.8) shows that electrons and 

electromagnetic lenses are produced at the top of the column by tungsten filament lamps. 

 
2.6.1.  Information acquired from SEM: 

 The SEM operates in a vacuum environment to prevent electron scattering by 

air molecules, resulting in improved image quality. Key features include the detection 

of secondary and backscattered electrons, which provide information on the sample's 

surface morphology and composition. 

 
2.7.  Transmission Electron Microscope (TEM): 
 A Transmission Electron Microscope (TEM) is powerful imaging equipment 

that uses a beam of electrons to reveal the interior structure of specimens at the atomic 

or nano-scale. Unlike light microscopes, which are restricted by the wavelength of 

visible light, TEMs use the much shorter wavelength of electrons to attain 

significantly better resolution [91]. A high-energy electron beam—typically 

accelerated between 60 and 300 kilo electron volts (keV) is directed through an ultra-

thin object, which is frequently less than 100 nanometers thick. TEM provides high-

resolution viewing of nanoparticles, allowing for exact measurements of size, shape, 

and dispersion. For example, nanoparticles photographed via TEM are processed with 

software tools (ImageJ, Origin) to yield accurate size distributions. A schematic 

diagram of demonstrating working of TEM analysis is shown in figure 2.9.  

 

 
Figure 2.9: Schematic diagram demonstrating working of TEM 
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2.7.1.  Information acquired from TEM: 

 Transmission Electron Microscopy (TEM) provides a lot of information about 

samples, particularly nanoparticles, by integrating imaging, diffraction, and 

spectroscopic techniques. Here is a breakdown of the insights TEM can offer: 

• TEM generates high-resolution pictures (down to the sub-nanometer level), 

enabling exact studies of nano-particle form, size, and dispersion patterns. 

• These contrast techniques make diverse sample features visible—diffraction 

contrast reveals crystalline areas, flaws, grain boundaries, and stacking faults, 

whereas mass/thickness contrast highlights dense regions. 

 
 The surface morphology, crystallinity, and average particle size of the samples 

were studied using a JEOL-JEM 2100 Plus TEM (figure 2.10) apparatus with an 

accelerating voltage of 200 kV. To prepare samples for TEM analysis, ultrasonically 

dispersed nano particles were applied to a typical holey carbon sheet set on a Cu grid. 

Further analysis of TEM images was done using ImageJ software. 

 

 
Figure 2.10: Image of JEOL-JEM 2100 Plus TEM 

 
2.8.  Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) Spectroscopy: 
 Recent advances in UV-Vis and NIR spectroscopy have greatly expanded their 

applications in a variety of sectors, including catalysis, agriculture, and environment 

monitoring. UV-Vis-NIR spectroscopy is a versatile analytical technique that is 

widely utilized in a variety of scientific domains due to its ability to deliver vital 

information about materials while avoiding harm. This approach works in the 
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ultraviolet to near-infrared wavelength range (usually 190-1100 nm) and is essential 

for identifying the chemical identity, concentration, and structural features of 

substances. The Lambert-Beer’s law implies that the more molecules that can absorb 

light at a certain wavelength, the greater the amount of light absorbed. The Lambert-

Beer’s law is presented as follows [92]:  

 𝑨𝑨 = 𝒍𝒍𝒍𝒍𝒍𝒍 𝑰𝑰𝒐𝒐  
𝑰𝑰

 =  𝝐𝝐𝝐𝝐𝝐𝝐    (2.7) 

 
 In this equation, 𝐴𝐴 indicates absorbance, I0 is the intensity of light incident on 

the sample cell, I is the intensity of light leaving it, C is the molar concentration of the 

solute, L is the length of the sample cell (cm), and ϵ represents the molar absorptivity.   

 

 
Figure 2.11: Schematic Representation of UV-Vis-NIR Spectrophotometer 

 
 UV-Vis-NIR spectroscopy is a versatile analytical technique that requires 

several critical components for its functioning. The required spectrum is typically 

emitted by a deuterium lamp for UV and a tungsten lamp for visible light as shown in 

figure 2.11. Sample holder holds the sample in place, ensuring a continuous light path 

and interaction with the source. Monochromator divides light into its constituent 

wavelengths, allowing for precise wavelength selection for analysis. Photomultiplier 

tubes, often known as CCDs, transform light into an electrical signal that can be 

measured. A half-mirrored device divides light from a monochromator source into 

two equal-intensity beams before it reaches the sample. When measuring UV 
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absorbance, the other bulb must be turned off, but when measuring visible light 

absorbance, the other lamp must be left on. In the current study, the optical absorption 

spectra of the sample at room temperature have been recorded using a Shimadzu UV-

3600 Plus UV-Vis-NIR spectrophotometer with integrated clear cuvettes. The 

spectrometer has a maximum resolution of 0.1 nm and covers the wavelength range of 

185 nm to 3300 nm, with slit width changes of 0.1 to 30 nm. The spectrophotometer 

has three detectors: InGaAs and PbS for the near infrared, and Photomultiplier tubes 

(PMTs) for the UV and visible ranges. As the machine scans the wavelengths, a 

solenoid-operated mirror automatically deflects light from either bulb. 

 
 The source comprises of a tungsten halogen lamp for wavelengths more than 

375 nm and a deuterium discharge lamp for wavelengths less than that. The optical 

absorption spectra of the undoped and CeO2 nano-particles samples are recorded 

between 200 and 1000 nm, with BaSO4 serving as an internal reference. To find the 

peak position of the spectrum, use the spectrophotometer's peak-pick tool. There is 

about ±1 nm of measurement uncertainty. Although, the Shimadzu UV-3600 (figure 

2.12) has vast capabilities, it is important to frequently inspect and calibrate the 

instrument to preserve accuracy, as external conditions might alter its performance 

over time. 

 

 

Figure 2.12: Photograph of Shimadzu UV-3600 Plus Spectrophotometer 
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2.8.1. Information acquired from UV-Vis-NIR spectroscopy 

 UV spectroscopy evaluates materials' optical properties including the band gap 

energy, transmittance, reflectance, absorbance, and refractive index of the material 

which is important in materials science. It is also used in agricultural applications to 

examine the soil and plant nutrition levels. 

 
2.9. Photoluminescence (PL) 
 PL spectroscopy is a versatile analytical technique for investigating the optical 

characteristics of diverse materials, particularly in semiconductor and photovoltaic 

applications. It includes the use of light to excite a sample, resulting in the emission of 

photons as the material returns to its ground state as shown in figure 2.13. Photo-

exciton generation, dynamics, and decay require bound electron-hole pairs created by 

photon absorption. An Exciton is formed when an electron is excited from the valence 

band via photon to the conduction band, leaving a hole. Excitons have a high binding 

energy, particularly in low-temperature conditions, which allows them to exist as 

stable entities in semiconductors. Excitons eventually decay by radiative or non-

radiative processes, with recombination being an important mechanism for light 

emission in devices such as OLEDs. Non-radiative reactions, such as triplet-triplet 

annihilation, can also occur and affect the efficacy of photo-catalytic materials. 

 
2.9.1 Types of interaction: 

• Resonant Radiation:  

 When a photo of a specific wavelength is absorbed, another photon of that 

wavelength is immediately emitted; the chemical substrate undergoes no significant 

internal energy changes between absorption and emission during this operation, which 

usually lasts 10-9 seconds or less. 

 
• Fluorescence: 

 When the chemical substrate goes through internal energy transitions before 

relaxing to its ground state and emitting photons, some of the absorbed energy is lost, 

resulting in output light photons that have less energy than those absorbed. 

Fluorescence, with a short life of approximately 10-8 to 10-4 seconds, is the most well-

known example. 
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                  Figure 2.13: Diagram showing phosphorescence process 

 
• Phosphorescence: 

 The absorbed energy enters a state with a different spin multiplicity, causing a 

radiation transition known as phosphorescence. Phosphorescence normally lasts 

between 10-4 and 10-2 seconds, substantially longer than fluorescence. 

 
 To limit scattered light that reaches the detector, a second monochromator is 

often placed 90 degrees distant from the incident light after the first monochromator 

selects an excitation wavelength. In most photoluminescent systems, chromophore 

aggregation frequently causes light emission quenching (L v CQ). However, there 

have been recent reports of luminogenic aggregation contributing positively to the 

light-emitting process rather than negatively. This "aggregated-induced emission" 

(AIE) offers a wide range of potential uses, especially in solid-state electronics. Thus, 

PL spectroscopy is a useful method for determining a substance's brightness. 

 
2.9.2.  Applications of PL 

 Photoluminescence (PL) has a wide range of applications that take advantage 

of its unique properties to provide novel solutions. This phenomenon, which causes 

materials to release light upon activation, is used in optoelectronic devices, urban 

infrastructure, and environmental monitoring, among other applications. 

Optoelectronics applications include photon up-conversion, which improves solar cell 

and LED efficiency by converting low-energy photons to higher-energy outputs.  
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• Defect detection and impurity levels: Even in pure semiconductors, localized 

defects (both native and impurities) can cause radiative transitions. PL energy 

and intensity can be used to pinpoint individual defects and quantify their 

concentration. 

• Material purity: PL measurement assesses material purity and optical quality. 

The emission process of a material reveals the presence of defects. To 

determine material quality, calculate the proportion of radiative recombination. 

Non-radiative recombination is associated with more localized defects, which 

reduces material quality. These defects are damaging to device performance. 

• Determination of band gap: Non-destructive band gap analysis is performed 

by analysing a semiconductor's PL spectrum variations. This approach 

quantifies the composition of semiconductor elements and material factors that 

impact device efficiency, such as solar cells. 

• Recombination: The term "recombination" refers to radiation and non-

radiative processes that occur in the band gap due to defects and interfacial 

areas. The photo excitation power and temperature impact the intensity of the 

PL, as demonstrated by the dominant recombination process.  

 
2.9.3. Instrumentation and experimental technique 

 When a substance is illuminated with high-energy light, photons are absorbed 

and excitations occur. A beam with a wavelength near the sample's band gap energy 

illuminates it. The sample is positioned so that the reflected laser beam and PL 

emission face opposite directions. A fiber optic connection carries light to a 

spectrometer. To block incident laser light, place a filter in front of the fiber input. 

Different wavelengths diffract differently to the spectrometer's array of photo 

detectors, which determines the strength of each wavelength component. After 

analyzing the digital data, the computer may generate a PL spectrum. As light enters 

the detector, the spectrum displays the intensities of the various wavelengths.  

 
2.9.4. Types of PL spectra 

 The underlying physical principles that produce various forms of 

photoluminescence (PL) spectra vary depending on material properties and excitation 

conditions. These mechanisms can be broadly classified into three major aspects: the 



Chapter-2: Synthesis of Nanoparticles and Characterization Techniques 
 

42 

character of electronic transitions, the involvement of material structure, and the 

influence of external variables.  

 
• Emission spectrum 

 The emission photoluminescence (PL) spectrum is an important part of 

material characterization, providing information about electronic states and 

imperfections. The emission monochromator chooses a wavelength based on peak 

values in the emission spectrum obtained during measurement. The excitation 

monochromator is also tested at wavelengths shorter than the emission. The resulting 

emission, which is just the excitation spectrum, is recorded. Because excited electrons 

are unstable, they return to their lower ground state via radiated radiation.  

 
• Excitation spectrum 

 The excitation monochromator determines a certain wavelength (λe). This 

wavelength is often proportional to the host material's band gap. Excitation radiation 

is allowed to flow through the slit and onto the sample. The atoms in the sample 

undergo atomic transitions during the excitation process, resulting in the emission of 

radiation with a wavelength longer than the excitation wavelength. The resultant light 

flows through the emission monochromator, which detects wavelengths longer than 

the excitation wavelength. The sample transition probability may produce one or more 

emission maxima in the spectrum. 

 
2.9.5.  Luminescence parameter 

 The color chromaticity space developed by the Commission Internationals de 

L'Eclairage is the most used method (CIE) [93]. The color point is determined from 

the spectrum energy distribution of the emission and shown in a normalized two-

dimensional coordinate diagram using the Commission Internationals de l'Eclairage 

(CIE) plot as shown in figure 2.14. The chromaticity coordinates are x, y, and z, 

which correspond to the color’s red, green, and blue, respectively. Color-matching 

functions (CMF) are calculated by combining three basic colors in a simulated patch 

and altering the lighting on the reference patch. The CMF gives the tristimulus values 

required to compare to a hypothetical equal-energy spectrum with equal energy at all 

wavelengths, yielding an illuminated E that is perceived as white. 
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• The Correlated Color Temperature (CCT) 

 The correlated color temperature (CCT) is the temperature required for a 

blackbody radiator to produce the same chromaticity as light. Lower color 

temperature light beams appear yellow-red, whereas higher temperature light beams 

appear bluer. Luminaries for general illumination will be placed around the CIE 

chromaticity diagram's blackbody center. The CCT can be determined using the 

formula given below [94]: 

 𝑪𝑪𝑪𝑪𝑪𝑪 = −𝟒𝟒𝟒𝟒𝟒𝟒𝒏𝒏𝟑𝟑 + 𝟑𝟑𝟑𝟑𝟑𝟑𝒏𝒏𝟐𝟐 − 𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝟔𝒏𝒏 + 𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓.𝟑𝟑𝟑𝟑   (2.8) 

 
Where 𝑛𝑛 = (𝑥𝑥−𝑥𝑥𝑒𝑒)

(𝑦𝑦−𝑦𝑦𝑒𝑒)
  ; xe and ye are chromaticity epicentres, they have values of 0.3320 

and 0.1858, respectively. 

 
• Colour Purity 

 Colour purity is proportional to the gap between the 1931 CIE point and the 

line's terminus. The colour saturation excitation purity is a well-defined expression. 

The dominating wavelength produces more saturated hues, whereas lower excitation 

purity results in less saturated colours like white.  

 

 
               Figure 2.14: CIE plot of undoped and Co-doped CeO2 nanoparticles 
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• Dominant wavelength 

 The dominant wavelength is the wavelength that a radiation source produces 

most frequently. To get the dominant wavelength, evaluate the light source's (x, y) 

colour coordinates and draw a line from one of the 1931 CIE white illuminations to 

the colour space's border. Color calculator software is used for determining color 

parameters, particularly those that analyze spectral data to calculate CCT, CRI, and 

other chromaticity-related parameters. 
 
2.9.6.  Information from PL 

 Photoluminescence (PL) spectra provide crucial information on material 

attributes such as impurity detection, structural changes, and device performance. The 

analysis of PL spectra can disclose information about the electronic and optical 

properties of materials, which possess variety of applications such as LED formation 

and solar cell performance. PL is particularly sensitive to impurities and lattice 

distortions, making it possible to check material quality. Spectral shifts can signal 

phase transitions in crystalline materials, with considerable intensity differences 

related to nanoparticles inclusions. 
 
2.9.7.  Specification of Model 
 In this research work, Horiba Jobin Yvon, LabRAM HR Evolution (figure 

2.15) was used with the following specifications: Wavelength Range: He-Cd 325nm 

(30mW), Oxxius 532nm (100mW), and IPS Laser 785 nm(90mW); Detector Type: 

CCD, InGaAs (for NIR region); Spectral Range: 50 cm-1 to 4000 cm-1 

 

 
Figure 2.15: Photograph of Horiba-Jobin Yvon Labram HR800 spectrometer 



Chapter-2: Synthesis of Nanoparticles and Characterization Techniques 
 

45 

2.10. X-ray photoelectron spectroscopy (XPS) 
 XPS is an important technique used in many scientific domains, including 

surface characterization and catalysis. It allows for the analysis of materials' 

electronic structures and chemical states, which provides information about their 

surface properties. The basic working principal of XPS is the photoelectric effect, 

which is a fundamental physics phenomenon that occurs when a material is subjected 

to high-frequency light (figure 2.16). If the X-ray photon's energy (Ehv) exceeds the 

electron's binding energy (EBE), the excess energy is employed as the kinetic energy 

energy (EKE) of the expelled photoelectrons. This is given as [95]: 

 𝑬𝑬𝒉𝒉𝒉𝒉 = 𝑬𝑬𝑲𝑲𝑲𝑲 + 𝑬𝑬𝑩𝑩𝑩𝑩 + 𝝓𝝓𝟎𝟎   (2.9) 
 

Where 𝜙𝜙0 is the material's work-function. The significance of the remaining symbols 

is explained above.  

 

 
            Figure 2.16: Schematic representation of working operation of XPS 

 
 The XPS spectrum is drawn by plotting kinetic energy against electron count. 

The quantity of that specific element depends directly to the number of electrons with 

a given kinetic energy, by measuring the kinetic energy of electron using XPS spectra, 

the binding energy of an electron can be calculated. The calculation of binding energy 

(BE) with X-ray photoelectron spectroscopy (XPS) entails examining the energy 

levels of core electrons in materials. XPS spectra show peaks that correspond to core-

level electrons, with binding energies determined by the difference between photon 

energy and kinetic energy of emitted electrons. For example, in TiO2 nanoparticles, 
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binding energies for Ti are discovered at 458.42 eV and 464.13 eV, validating 

expected electronic structures [96] to have chemical composition of various 

components in the sample. Ultra-high vacuum (UHV) conditions are required for XPS 

measurements. It is largely a surface method for studying the material's surface 

chemistry. 

 
 The XPS spectra are acquired in the analysis chamber with an ESCA+ 

Omicron Nanotechnology (Oxford apparatus, Germany) (figure 2.17) apparatus at a 

base pressure of 10-8 Torr. The X-ray source used mono-achromatized Al Kα (hv 

=1486.7 eV) radiation, and the binding energy scale is calibrated using the adsorbed 

hydrocarbon's C 1s line (hv = 284.6 eV) on the sample surface. The operating voltage 

and current of the instrument are set to 15 kV and 20 mA, respectively. The short scan 

pass energy is 20 eV, and the survey scan is 50 eV. Samples are collected in pellet 

form, wrapped in Cu tape, and degassed overnight in an XPS FEL room to reduce air 

contamination on the sample surface, as well as in the main sample chamber. 

 

 
Figure 2.17: K-Alpha X-ray photoelectron spectrometer (Thermo Fisher 

SCIENTIFIC) XPS instrument 

 
 To remedy the charging issue, a 2 KeV charge neutralizer is added to the 

sample. The electron take-off angle, or angle between the analyzer and the source, is 

90 degrees, and the measurements validated a resolution of around 0.60 eV using 

FWHM. The X-rays produced are allowed to fall on the sample placed on the sample 

stage. The electron collecting lens, electron detector system, and electron energy 
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analyzer are utilized to determine the kinetic energy of the ejected electrons and count 

those with a specific kinetic energy. This investigation is carried out in an ultra-high 

vacuum to prevent electron energy loss from interactions with residual gas molecules. 

 
2.10.1. Information acquired from XPS 

 XPS identifies the components present on the material's surface (usually the 

top 5-10 nm). It determines the atomic proportion of each element (excluding H and 

He) and detects the oxidation state of elements, such as Ce³⁺ vs Ce⁴⁺ in CeO₂ and Fe²⁺ 

vs Fe³⁺. It provides information about electron density and bonding environment. 

Because XPS is surface-sensitive, it can differentiate between surface-enriched and 

bulk compositions. It is effective for assessing surface coatings, adsorbed species, and 

surface-modified nanoparticles It also detects undesirable materials or surface 

contamination (such as adventitious carbon and chlorine residues). Provides 

information on the valence band structure, which is useful for semiconductors. 

 
2.11.  SQUID -VSM 
 SQUID magnetometer is highly sensitive and can detect magnetic fields as 

low as 10⁻¹⁴ Tesla. It works on the principle that when an external magnetic field is 

supplied, it alters the magnetic flux across the loop. Because of flux quantization, the 

SQUID modifies the current in the loop to retain discrete flux values. SQUID displays 

RTFM caused by oxygen vacancies or Ce³⁺ ions in doped CeO₂, while Vibrating 

Sample Magnetometer (VSM) is a device used to test the magnetic characteristics of 

materials, particularly magnetization (M) as a function of the applied magnetic field 

(H) or temperature (T). VSM confirms magnetic hysteresis loops but may overlook 

weak signals with low doping.  If both exhibit consistent hysteresis, coercivity, or 

magnetic ordering tendencies, it enhances the magnetic interpretation. It’s working is 

based on Faraday’s law of induction [97]. A magnetic sample is mechanically 

vibrated (typically vertically) within a homogeneous magnetic field. This vibration 

alters the magnetic flux in neighboring pickup coils. In doped CeO2 nanoparticles, the 

increase in Ms and Hc after doping suggests induced ferromagnetism. The origin of 

ferromagnetism could be due to oxygen vacancies caused by charge imbalance. 

Mixed valence states (Ce⁴⁺ → Ce³⁺). Dopant ions with adjacent oxygen vacancies 

align spins, forming bound magnetic polarons (BMP). A greater coercive (Hc) field 
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denotes magnetic ordering stability, but a higher saturation magnetization (Ms) 

indicates stronger interaction among localized magnetic moments. The VSM is an 

instrument used to detect solid samples' magnetic moments, which are the most 

fundamental properties in magnetism. If the sample is subjected to sinusoidal motion 

as well, an electrical signal will be induced in appropriately situated stationary pick-

coils. This signal at the vibration frequency is proportional to the magnetic moment, 

vibration amplitude, and frequency. In this study, magnetic measurements of 

materials were taken at room temperature with a VSM-Lake shore, Model-7410 series 

(figure 2.18) at the Institute Computer Centre (IIC), Indian Institute of Technology 

(IIT) in Roorkee.  

 
2.11.1. Information acquired from SQUID-VSM: 

 The SQUID-VSM is a high-sensitivity hybrid instrument that combines 

SQUID sensitivity with VSM flexibility, allowing for the measurement of extremely 

weak magnetic signals as well as traditional magnetic characterization. SQUID-VSM 

detects very small magnetic signals (∼10⁻⁸ to 10⁻¹¹ emu), which is required for 

weakly magnetic materials such as doped CeO₂, DMS, superconductors, or single 

nanoparticle. This device measures M-H and M-T curves and provides data on 

magnetic moment, Ms, magnetic susceptibility (χ), coercively, retentively, and 

magnetic behavior. 

 

 
Figure 2.18: Schematic diagram of VSM-Lake shore, Model-7410 
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2.12. Photo-catalytic activity 

 
Figure 2.19: Mechanism of photo-catalytic degradation of MB dye by C:ZnO 

nanostructures exposed to visible light 

 
 Photo-catalytic activity refers to a material's ability to accelerate a 

photoreaction in the presence of light, which is commonly used for environmental 

remediation and energy generation. Photo catalytic activity under visible light 

irradiation has received a lot of interest for its potential in environmental remediation. 

The mechanism of photo-catalytic degradation of MB dye by C:ZnO nanostructures 

exposed to visible light is shown in figure 2.19. 

 
 The photo-catalytic activity of CeO2 and Y-doped CeO2 is studied utilizing the 

methylene Blue (MB) dye degradation method. UV-Vis light from a mercury lamp 

(250W, ~200-600 nm) is utilized to photo-catalyze the degradation of 150 ml aqueous 

solution (10-5M or 10 ppm) of MB dye. The catalyst employed is 30 mg undoped 

CeO2 and Y-doped CeO2 nanoparticles. To reach adsorption/desorption equilibrium 

between the substances and the catalyst, the catalyst-added MB dye solution is 

agitated for an hour in a dark environment using a magnetic stirrer. After that, the dye 

solution is exposed to UV-visible light, and 20ml of MB solution is collected every 30 

minutes to evaluate the degradation kinetics. The following formula calculates the 

efficiency of degradation (η) of MB [98]. 

 𝒏𝒏 = 𝑪𝑪𝟎𝟎−𝑪𝑪
𝑪𝑪𝟎𝟎

× 𝟏𝟏𝟏𝟏𝟏𝟏   (2.10) 

C0 and C are the initial and residual MB solution concentrations, respectively. 
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2.12.1. Information acquired from Photo-catalytic activity: 

 In analytical techniques, such as fluorescence and infrared spectroscopy, 

photo-catalytic mechanism improves understanding of reactive oxygen species. While 

photo-catalytic techniques show promise in degrading pollutants, the byproducts 

generated during these reactions may represent environmental hazards, demanding 

further investigations on their toxicity.  

 
2.13. Electrochemical Characterization Techniques 

 
                    Figure 2.20: Photograph of electro-chemical analyzer 

 
 Electrochemical analysis comprises a wide range of techniques and 

applications that are critical for understanding charge transfer mechanisms, creating 

biosensors, and improving diagnostic approaches. An image of electro-chemical 

analyzer is shown in figure 2.20. The following sections focus on major features of 

electrochemical analysis. 

 
• Cyclic Voltammetry: 

 CV is most often used in electrochemical technique for measuring an analyte's 

current response as a function of applied voltage. This technique is very useful for 

examining redox reactions, determining electrochemical properties, and investigating 

various chemical processes. CV's adaptability allows it to be employed in a variety of 

domains, including environmental analysis, energy storage, and sensor creation.  
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• Principle of Cyclic Voltammetry: 

 CV entails sweeping the potential of a working electrode and measuring the 

resulting current, giving insights on redox potentials and reaction kinetics. The 

voltammogram offers information about the electrochemical behavior, including 

stability and charge transfer mechanism. 

 
• Working of Cyclic Voltammetry: 

 The measurements are taken using a conventional three-electrode setup, that 

entails performing two cyclic potential scans in opposite directions between the 

working and reference electrodes while monitoring the current change across the 

working electrode. To make a voltammogram, plot the current flowing through the 

working electrode versus its potential. An ideal capacitor has a rectangular shape 

because capacitance (C) remains constant at a scan rate. Pseudo-capacitive activity is 

frequently characterized by sharp peaks at specific voltage windows. The redox peak 

occurs when a cell stores energy via electron transport. A voltammogram with 

multiple peaks will be shown for materials with varying valence states. Using the 

limited region of the CV curve in cyclic voltammetry, the electrochemical-specific 

capacitance can be estimated using the formula [99]:  

 𝑪𝑪 =  𝟏𝟏
𝟐𝟐𝒎𝒎𝒎𝒎𝒎𝒎 ∫ 𝑰𝑰(𝒗𝒗)𝒅𝒅𝒅𝒅𝒗𝒗+

𝒗𝒗−   (2.10) 

 
 This equation indicates that the specific capacitance of materials is inversely 

related to scan rate due to the considerable internal resistance that occurs in a short 

period of time with a high scan rate. Furthermore, the number of active sites involved 

in redox processes affects oscillations in specific capacitance values.  

 
• Galvanic Charge Discharge method 

 Galvanic charging and discharging in super-capacitors use electrochemical 

processes to increase energy storage and efficiency. Galvanic charging and 

discharging in super-capacitors use electrochemical processes to increase energy 

storage and efficiency. This approach can considerably improve the performance of 

super-capacitors, especially in solar energy and hybrid systems. The next sections go 

over the mechanisms and advantages of galvanic processes in super-capacitors. GCD 

investigations involve recording the cell voltage over time while charging or 

discharging the cell with a steady current. GCD curves measure electrode capacitance 
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at varying current density (A/g). Because of the observed asymmetry and nonlinearity 

of the electrode's discharge response, the specific capacitance is calculated using the 

equation below [100].  

 𝑪𝑪𝑮𝑮𝑮𝑮𝑮𝑮 = 𝟐𝟐𝑬𝑬
𝒎𝒎(𝜟𝜟𝜟𝜟)𝟐𝟐

    (2.11) 

 
Where CGCD stands for specific capacitance (F/g), E and m represent the energy and 

mass of the active material, respectively. The discharge potential window is 

represented as ΔV.  

 
 The following formula can be used to calculate critical profitability factors 

such as a supercapacitor's specific power density and specific energy density [101]:  

 𝑬𝑬 =  𝟏𝟏
𝟐𝟐
𝑪𝑪𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝟐𝟐    (2.12)  

and 

 𝑷𝑷 = 𝑬𝑬
𝒕𝒕
    (2.13) 

 
Where total integration refers to the integral area of the discharged curve, I is the 

current density, and t is the discharge duration. Durability testing is critical for real-

world supercapacitor applications; for this purpose, 2100 charge-discharge cycles at a 

current density of 1 A/g was conducted. 

 
• Impedance Spectroscopy 

 Impedance spectroscopy (IS) is a versatile analytical technique that investigates 

the electrical characteristics of materials and biological systems. It works by passing an 

alternating current through a sample and measuring the voltage those results, allowing 

you to characterize material qualities including conductivity, permittivity, and charge 

mobility. This approach has acquired popularity in several domains, including 

microbiology, materials science, and biomedical engineering. The next sections discuss 

its applications and relevance. When a specific combination of resistors and capacitors 

is used at an electrode contact, an electrochemical reaction occurs. The system's 

impedance is determined by applying a sinusoidal voltage of moderate amplitude to the 

cell electrodes and watching the current response. The responsive current (ΔI(ω)) and 

sinusoidal potential to be applied are provided as [102]:  

 𝜟𝜟𝜟𝜟(𝝎𝝎) = 𝜟𝜟𝜟𝜟𝒆𝒆𝒊𝒊(𝝎𝝎𝝎𝝎+𝝓𝝓)  (2.14) 
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where symbols carry their standard meanings. Electrochemical impedance is 

calculated using the following formula:  

 𝒁𝒁(𝝎𝝎) = 𝜟𝜟𝜟𝜟
𝜟𝜟𝜟𝜟

= ǀ𝒁𝒁(𝝎𝝎)ǀ𝒆𝒆−𝒊𝒊𝒊𝒊 = 𝒁𝒁′ + 𝒊𝒊𝒊𝒊′′  (2.15) 

 phase Angle 𝝓𝝓 = (𝒁𝒁
′′

𝒁𝒁′
)  (2.16) 

 
The symbols Z′ and Z′′ are real and imaginary parts of the complex impedance. 

 
Figure 2.21: Nyquist impedance plots of NRGO and CeO2/NRGO nanocomposites 

 
 The Nyquist plots show the relationship between imaginary impedance (-Z′′) 

and real impedance (Z′) (figure 2.21), while the Bode plot represents phase shift and 

absolute impedance |Z| as angular frequency. The EIS instrument's impedance 

responses characterize the equivalent circuit, which includes components such as 

solution resistance (RS), charge-transfer resistance (Rct), constant phase element 

(CPE), and Warburg impedance (W). The resistance (Rct), caused by the faradic 

reaction at high frequencies, is proportional to the semicircle diameter. The Warburg 

resistance (W) is the low-frequency slope of a linear curve that accounts for the 

frequency-dependent diffusion of ions into the electrode surface [103]. CPE and Q 

values are used to represent imperfectly homogenous surfaces or non-ideal cells. The 

constant phase element (CPE or Q) is used when dealing with imperfect or non-ideal 

cells. The CPE parameter 'N' is used to determine the electrode material quality (N=1, 

0, and 0.5). These properties are determined by modeling or fitting impedance spectra 

using a comparable circuit and analyzing EIS data (EC). Depending on the shape of 
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the EIS spectrum, the resistors (R), conductors (L), and capacitors (C) that comprise 

the EC model are frequently connected in series or parallel.  

 
2.13.1 Information acquired from the Electrochemical Characterization method: 

 Electrochemical analysis includes several approaches that provide useful 

information in a variety of sectors, including environmental monitoring, food safety, 

and medical diagnostics. It measures the voltage of electrochemical cells to determine 

ion concentrations. Voltammetry analyzes current as a function of applied voltage, 

making it valuable for detecting trace metals in food and environmental samples. 

Impedancemetry assesses a system's impedance, providing insights on material 

qualities and reactions. Overall, we have seen that CeO₂ nanoparticles can tackle 

crucial challenges in healthcare, energy, the environment, and industry due to their 

redox activity, surface reactivity, biocompatibility, and customizable nanostructure. 

This makes them an important material for developing innovative and sustainable 

technology. 
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Chapter-3 

Study of Structural, Optical, Photoluminescence, Electronic 

Structure and Photo-catalytic activity Properties of Y-Doped 

CeO2 Nanoparticles 

 
ABSTRACT 

 The exceptional characteristics of CeO2 and Ce1-xYxO2 (x = 0.03, 0.05 and 

0.07) nanoparticles were reported in the chapter supporting that Y3+ replaces 

Ce3+/Ce4+ leads to oxygen vacancies formation. The results of XRD measurements 

revealed FCC structure of decreased crystallite size of CeO2 with improved 

crystallinity. To investigate the surface morphology, HRTEM and SAED patterns were 

performed. EDX analyses were undertaken to discuss the elemental and 

compositional characteristics. The absorption spectra using UV-Vis-NIR spectroscopy 

were analyzed and red shifted absorbance was found to enhance with decreasing band 

gap values for increased Y doping. The Photoluminescence spectra depicted various 

emissions representing the development of various defects and oxygen vacancy with 

incorporation of Y content in the lattice with CCT values below 4000 K to be 

classified as warm yellow light for indoor applications. The development of oxygen 

vacancies in the CeO2 lattice was further supported by XPS measurements for core 

levels Ce 3d, O 1s and Y 3d. Furthermore, the XPS measurements also reported the 

valence states of elements, Ce with 3+ and 4+, Y with 3+ and O with 2- along with 

charged oxygen vacancies. The photo-catalytic analysis revealed that Y-doped CeO2 

nanoparticles show better degradation using a variety of characterization. The 

degradation mechanism that illustrates the impact of oxygen vacancies created by Y-

doping on the photo-degradation process has been proposed in this chapter. The 

detailed outcomes of present study suggested the use of Y-doped CeO2 nanoparticles 

in optoelectronics, spintronics devices and photocatalyst applications.  

 
3.1 Introduction 
 Recently, there has been a huge surge in attention in ceria-based nanoparticles 

from both basic scientific and business perspectives [104]. Researchers are also 

working eagerly for developing photocatalytic materials that possess lower band gap. 
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Some metal oxide semiconductors materials show poor response under visible light 

but exert better photo-catalytic activity under UV radiations such as CeO2 which can 

be utilized as a UV filter in cosmetics, sunscreen, and glass polishing agents [37]. Its 

superior performance attributes to high oxygen-storage capacity. Because of 

prominent high capacity to store oxygen (OSC) of ceria, numerous investigations 

have shown that the material can be utilized as a supporting agent in variety of 

catalysts [105]. It is a reducible oxide, and at high temperatures, ceria can develop 

oxygen vacancies [106]. For every Vo, this mechanism fallouts in the reduction of 

Ce4+ Ce3+cation; depending on the circumstances, this reduction may be reversible 

[107, 108]. Generally, it is expected that doping with lower valent cation is essential 

to create oxygen vacancies. Therefore, doping of suitable ions with lower vacancy 

into host material results into a hybrid composite with modified properties and 

distorted lattice. Since oxygen vacancies may function as centers for the capture of 

electrons-holes and can hold onto photogenerated electrons or holes triggered by 

visible or UV radiations. More oxygen vacancies can successfully prevent electron-

hole pair recombination, improving photo-catalytic activity [109]. Therefore, TM as a 

result may be introduced in such case, which might significantly shorten the duration 

of electron-hole recombination and increase the efficiency in the photo-catalytic 

process of the system [110]. The band-gap shift and trap state generation caused by 

TM doping make it important for luminescence as well. As reported by Sharma et al. 

[111,112] that doping and co-doping in the host lattice can change the photo-catalytic 

activity by multiple times. According to them, due to generation of the ideal quantity 

of O-vacancies, the (Y, Zn) co-doped CeO2 samples exhibit improved photo-catalytic 

activity compared to Y-doped and Zn-doped CeO2 samples. The effect of 

concentration can be correlated with the generation of defects structures. It is 

generally expected that a material microstructure governs its property. To acquire a 

thorough knowledge of the dopant's atomic-level effects on host (CeO2) material, 

numerous researches have focused on the precise analysis of microstructures. A 

possible explanation is provided by the dopant cations interacting strongly with 

corresponding oxygen vacancies. Due to rise in the dopant concentration, formation 

of clusters takes place which reduces the carrier’s mobility and consequently decrease 

in electrical conductivity [113]. A considerable increase in the defect formation has 
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been addressed by Patil et al. [114] in case of lanthanum doped CeO2. Doping CeO₂ 

with alio-valent or iso-valent metal cations can modify its structural, optical, 

photoluminescence, electronic structure, and photo-catalytic properties for enhanced 

functional applications. Yttrium (Y³⁺) is a highly effective dopant due to its 

comparable ionic radius and ability to cause lattice distortions and oxygen vacancies, 

which greatly impact material behavior [115]. The formation of oxygen vacancies in 

the initial structure of CeO2 when it is doped with a trivalent element, such as 

Yttrium, to counteract the effective negatively charge caused by the replacement of 

Y3+ for Ce4+. Consequently, a distortion is created in the Y-doped CeO2 cubic matrix. 

Atribak et al. [116] have reported the advantageous Y-doping effect on ceria's activity 

in soot combustion. She et al. [117] investigated the impact of adding Y (0.5 wt%) to 

a CuO/CeO2 catalyst on its activity in the water–gas shift, considering the large 

amount of yttrium sources. Nolan et al. [118] have reported that Yttrium doping into 

CeO2 possess a positive anion vacancy formation owing to its ionic radius nearly 

equal to that of Ce4+ ion. Introducing trivalent cation into CeO2 lattice fallouts in the 

formation of Ce3+ state with an oxygen hole as these trivalent cations could easily 

mixed into CeO2 lattice and forms a stable ternary compound. It has been addressed 

by C. Sun et al. [51] that promotion of yttrium tailored the various properties and 

enhances the catalytic performance of CeO2 in the Ni catalysts. Such study suggests 

that doping ceria with trivalent dopant strongly affects the defects formation and 

possesses wide range of applications as shown in figure 3.1. A vast study has been 

devoted experimentally to establishing the relationship between these defects. In this 

research, we examine the characteristics of yttrium-doped cerium oxide nanoparticles 

and nano-ceramics to investigate their surface morphology, electronic structure 

properties for their potential in opto-electronics, luminescence device materials and 

spintronics applications. Furthermore, doping in CeO2 improves photocatalytic 

activity, enabling effective pollutant decomposition and solar-powered hydrogen 

generation [119, 120]. The transfer and separation of photogenerated charge carriers 

(e- and h+) is one of the key elements affecting photo-catalytic activity. The large 

concentration of defect sites shown by the enhanced Urbach energy helps prolong the 

carriers' lifetime of charge separation. This efficient charge separation and transfer 

contribute to enhanced photo-catalytic performance [120]. 



Chapter-3: Study of Y-Doped CeO2 Nanoparticles 
 

58 

 

This chapter reveals the synthesis, structural analysis, and characterization of Y-doped 

CeO₂ nanoparticles. The goal is to understand how yttrium inclusion affects physical 

properties and their potential for multifunctional applications. For this study, undoped 

CeO2 and Ce1-xYxO2 (x = 0.03, 0.05 and 0.07) nanoparticles are synthesized by the 

simple microwave-aided co-precipitation method. Investigating structural traits such 

crystalline quality, strain, size and degree of disorder is done using X-ray diffraction 

(XRD). With varying doping concentration, the effect of Y doping on the surface 

morphology has been studied using a different type of methods, including energy-

dispersive X-ray spectroscopy (EDX) and transmission electron microscopy (TEM). 

The optical characteristics of undoped CeO2 and Y-doped CeO2 nanoparticles have 

been done employing UV-Vis -NIR and photoluminescence (PL) spectroscopy. The 

correlation has also been established between the measured visible PL spectra, which 

offers important details regarding structural disorder and its microscopic behavior. 

Finally, we tried to investigate how Vo and Ce3+ defects, which are existing in both 

undoped and yttrium-doped CeO2 nanoparticles, are affected by doping concentration. 

After considering the impact of doping, pH, and oxygen vacancy production on the 

photo-catalytic efficiency of Y-doped CeO2 nanoparticles, a potential mechanism has 

been put forth. 

 
Figure 3.1: Pictorial representation of various applications of Y-doped CeO2 

nanoparticles 



Chapter-3: Study of Y-Doped CeO2 Nanoparticles 
 

59 

3.2. Experimental details 
3.2.1. Material preparation 

 Cerium (IV) Ammonium Nitrate (NH4)2Ce(NO3)6 (Alpha Aeser 99.9%), 

Yttrium (III) Nitrate Hepta-hydrate (Y(NO3)3.6H2O) (Alpha Aeser 99.9%) and 

NH4OH (30 % solution) chemicals were used during the synthesis of the nanoparticles. 

The undoped CeO2 and Ce1-xYxO2 samples were synthesized using coprecipitation 

route of synthesis [121]. The proper stoichiometric ratio of (NH4)2Ce(NO3)6 and 

Y(NO3)3.6H2O was employed to synthesizing Ce1-xYxO2 nanoparticles. Precursor 

solutions of (NH4)2Ce(NO3)6 and Y(NO3)3.6H2O were first made in distilled water 

using magnetic stirring at a speed of 600 rpm, until the pH was about 8, using 30% 

NH4OH solution as a reducing agent, then stirred for roughly 4 hours. Further obtained 

light-yellow precipitate was strained and cleaned with distilled water to be sintered 

about 6 hours in the muffle furnace at 500 °C temperature. The following chemical 

reaction (as shown in equation-3.1) can be used to synthesize these nanoparticles. 

(1−x) [(NH4)2Ce(NO3)6] + x[Y(NO3)3.6H2O] + 3NH4OH ⇒ Ce1−xYxO2 + gases ↑  (3.1) 

 
3.2.2. Nanoparticles characterization: 

 The structural properties were characterised using X-Ray Diffractometer of 

make BrukerD8 Advance with Cu Kα (𝜆𝜆 =1.5406 Å) radiation in the 2θ range of 20°- 

90°. The samples' surface morphology, crystallinity and the average particle size were 

examined using a JEOL-JEM 2100 Plus make TEM instrument operating at 200 kV 

accelerating voltage. Ultra sonicated nano powders were dispersed on a conventional 

holey carbon film mounted on a Cu grid to prepare TEM samples. Further analysis of 

TEM images was taken using Image-J software for the distribution of particle size for 

120 particles. Using a Shimadzu UV-3600 Plus spectrophotometer, UV-Vis-NIR 

absorption spectra in the wavelength range of 200-800 nm were acquired to explore 

the optical characteristics. The photoluminescence spectra were recorded in the 

wavelength range 350-580 nm with spectro-fluoromax of HORIBA and using an 

excitation wavelength of 325 nm. The XPS measurement were taken on Thermo-

scientific make Model no. NEXSA surface analysis, with a micro-focused X-ray 

(400µm) having monochromatic Al-Kα source of 1486.6 eV energy and pass energy 

20 eV calibrated to binding energy of C 1s line (hν = 284.6 eV) of adsorbed 

hydrocarbon at the sample surface with analysis chamber at 10-9 Torr base pressure. 

The photo-catalytic activity has been performed using mercury lamp (250 W) with 
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wavelength range 200-600 nm and 10-5 M Methylene Blue (MB) solution is used as 

organic solvent. The initial and degraded dye concentrations were measured using 

UV-Vis spectroscopy (Shimadzu UV-2600). 

 
3.3.  Result and discussions 
3.3.1. Surface characterization of nanoparticles 

 The XRD pattern of CeO2 nanoparticles with varying concentration of Y (x = 

0.03, 0.05, 0.07) is shown in figure 3.2. To determine the crystalline phases and 

calculate the crystallite sizes, XRD analysis has been done. As the figure indicates the 

peaks so observed correspond to the (111), (200), (220), (311), (222), (400), (331), 

and (420) are well indexed to single phase cubic fluorite structure of CeO2. The space 

group is Fm3m and identified using standard JCPDS card no. (81-0792) [34]. The 

presence of no other peak related to impurity over the entire range of doping confirms 

that Y has well incorporated into CeO2 lattice and partially substituting Ce ions, rather 

than forming oxide related phase. Based on the XRD patterns, it can be observed that 

when the concentration of Y-doping in CeO2 nanoparticles increases, there is increase 

in lattice parameters.  

 

 
Figure 3.2: The XRD pattern of undoped CeO2 and Ce1-xYxO2 nanoparticles samples 

 
 The rise in lattice parameters of the as-prepared nanoparticles samples could 

be explained by the entry and of yttrium-ions, which have ionic radii greater than Ce-

ions, in the CeO2 lattice. The XRD pattern also elaborated that the highest peak 
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position corresponding to (111) plane obviously shows peaks-shifting towards a lower 

angle with introducing Y doping [122]. This demonstrates the expansion in the crystal 

lattice with the entry of Y into CeO2 crystal structure. With a rise in lattice parameter 

with Y doping, the peaks shifted towards the lower angle side, which is explained by 

Bragg diffraction equation [123]. Yet, it is also seen that as the doping of Y doping 

concentration is increased, all peaks gradually broadened with fall in the intensity, 

showing that incorporation of foreign cations reduces the crystallinity of the sample. 

The broadening of the peaks suggests that the reduction in the crystallite sizes. The 

crystallite size (D) has been obtained using Scherrer’s equation [121] as 13 nm for 

undoped CeO2, 11 nm for x = 0.03, 9 nm for x = 0.05 and x = 0.07 as shown in Table 

3.1. Even while the reduction in crystallite size led to CeO2 crystal lattice expansion. 

The concentration of dopants influences how much the crystal lattice will expand or 

compress. Nanoparticles may experience strain because of crystal imperfections and 

deformation. Examining Table 3.1, the values of strain show that Y-doped CeO2 

nanoparticles are under tensile strain. Some theoretical research has shown that tensile 

strain favors the creation of oxygen over compressive strain [124]. 

 
Table 3.1: The calculated value of FWHM, lattice parameter (a), micro strain (ϵ) 

and crystallite size (D) obtained through Scherer’s equation, W-H plot, SSP 

method and TEM analysis for undoped CeO2 and Ce1-xYxO2 nanoparticles samples 

Samples D (nm) Average 
particle 

size 
(TEM 

analysis) 
(nm) 

d 
spacing 

(nm) 

a 
(Å) 

Micro strain 
ϵ х10-4 

Scherer’s 
equation 

W-H 
plot 

SSP 
method 

(W-H 
plot) 

Scherer’s 
equation 

Undoped 
CeO2 

13 16 15 18 0.311 5.42 10.7 26.19 

Ce0.97Y0.03O2 11 12 12 14 0.315 5.48 5.26 30.87 

Ce0.95Y0.05O2 9 10 10 12 0.316 5.49 6.78 38.67 

Ce0.93Y0.07O2 9 10 10 12 0.317 5.52 11.00 39.86 
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 The prevalence of oxygen vacancies in doped CeO2 samples, which may be 

attributed to the bonding length and strength between the surface O and Ce atoms, can 

thus be directly related to the higher value of tensile strain in Y-doped CeO2 samples 

[125]. Lattice strain behaviour that has been observed suggests that all Y ions have 

replaced all of Ce ions in the CeO2 host matrix. Consequently, high oxygen vacancies 

are created due to entry of Y into the CeO2 lattice, which causes the substitution of 

small Ce4+ (0.97 Å) cations by larger Y cations (1.019 Å), thus enlarging the crystal 

lattice [126, 127]. Since the XRD diffraction peaks of nanoparticles are often wide 

and broad, it becomes difficult to resolve them separately [128]. Therefore, XRD by 

itself cannot completely rule out the formation of the oxide phase. The Rietveld 

refinement of the diffraction peaks has been carried out using the FULLPROF 

program. Figure 3.3 displays the Rietveld fits of experimental XRD pattern of the 

synthesized undoped CeO2 and Y-doped CeO2 nanoparticles.  

 

 
Figure 3.3: Rietveld refined and fitted curve of undoped CeO2 and Ce1-xYxO2 

nanoparticles samples at 300 K. Dotted (solid) lines represent the observed 

(calculated) profiles. The short vertical lines signify Bragg reflections. The 

difference plot is shown by the lower curve. 
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 The corresponding lattice parameters, goodness of fit (χ2), Rp, Rwp, Rexp, RBragg, 

and cell density are listed in Table 3.2. The experimentally estimated and Rietveld 

derived XRD patterns showed an acceptable match, as indicated by the χ2 values. 

 
Table 3.2: Structural data and refinement parameters for undoped CeO2 and 

Ce1-xYxO2 nanoparticles samples 

Samples a (Å) Volume 
(Å)3 

χ2 Rp Rwp Rexp RBragg Cell 
density 

(gm/cm3) 

Undoped 
CeO2 

5.4145 158.73 1.190 8.88 8.82 8.09 1.56 7.123 

Ce0.97Y0.03O2 5.3991 157.38 1.575 10.2 10.1 8.05 1.77 7.025 

Ce0.95Y0.05O2 5.4047 157.87 1.123 9.14 9.16 8.64 1.16 7.090 

Ce0.93Y0.07O2 5.3998 157.44 1.880 13.9 13.3 9.68 2.96 6.940 
 

3.3.1.1. Williamson-Hall (W-H) and Size-Strain Plot (SSP): 

 Considering an isotropic property of the material, the W-H equation can be 

simply used to determine the crystallite size [129, 130]. However, a better assessment 

"size strain plot" (SSP), where precision is typically lower can be considered for 

determination of D [131, 50]. As shown in figure 3.4(a), 3.4(b) the y-intercept root 

yields the strain and the crystallite size is obtained from the slope of the linearly fitted 

data. Table 3.1 provides an overview of the findings from the Scherrer equation, W-H 

plot and SSP model. The values of D derived from all above-mentioned methods are 

closer, whereas the obtained results for x = 0.05 and x = 0.07 concentration are the 

same, suggesting to control the doping concentration after x = 0.05. This is because if 

Y concentration is increased above x = 0.05, some of yttrium ions will replace 

Ce4+/Ce3+ions and some will remain on the surface. The nanocrystals in this procedure 

only take in the amount of dopant ions that are permissible by thermodynamics and 

excess number of dopants ions are eliminated from the interior surface, and prevent 

the growth of the nanocrystals. As a result, agglomeration of Y ions at the surface of 

CeO2 crystal lattice takes place. Therefore, in this case x = 0.05 can be considered as 

an optimal doping concentration. 
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Figure 3.4: (a)W-H plots of 𝜷𝜷𝒉𝒉𝒉𝒉𝒉𝒉𝒄𝒄𝒄𝒄𝒄𝒄𝛉𝛉 Vs 4sinθ (b) SSP of (𝒅𝒅𝒉𝒉𝒉𝒉𝒉𝒉𝜷𝜷𝜷𝜷𝜷𝜷𝜷𝜷𝛉𝛉)𝟐𝟐 

Vs.𝒅𝒅𝟐𝟐𝜷𝜷𝒉𝒉𝒉𝒉𝒉𝒉𝒄𝒄𝒄𝒄𝒄𝒄𝛉𝛉 of undoped CeO2 and Ce1-xYxO2 nanoparticles samples 

 
3.3.2.  Surface Morphology: 

3.3.2.1. Energy Dispersive X-ray Spectroscopy (EDX): 

 In Figure 3.5, EDX of CeO2 prepared through co-precipitate method of 

synthesis is depicted, confirming the presence of Ce, O and Y in terms of weight 

percentage.  To ascertain the chemical constitution and purity of the synthesised CeO2 

nanoparticles, the investigation has been done using EDX. The EDX of the prepared 

samples reveal peaks of cerium, oxygen, and yttrium with no impurities (figure 3.5). 

This demonstrated that the samples contained the elements in the proper ratios for 

stoichiometry. Based on its wt% and at%, the findings of the EDX examination 

clearly showed the composition Ce, O and Y elements as shown in Table 3.3. The 

presence of C is associated with the carbon tape that supports the grid. 
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Figure 3.5: EDX spectra of (a) undoped CeO2, (b) Ce0.97Y0.03O2, (c) Ce0.95Y0.05O2 

and (d) Ce0.93Y0.07O2 nanoparticles samples 

 
Table 3.3: Analysis of the elemental composition of undoped CeO2 and Ce1-xYxO2 

nanoparticles samples 

Elements Undoped CeO2 Ce0.97Y0.03O2 Ce0.95Y0.05O2 Ce0.93Y0.07O2 

wt (%) at. (%) wt (%) at. (%) wt (%) at. (%) wt (%) at. (%) 

Ce 75.6 26.13 74.7 25.88 73.8 25.41 79.2 32.61 

O 24.4 73.86 24.2 73.45 24.4 73.60 18.2 65.63 

Y - - 1.2 0.65 1.8 0.97 2.7 1.75 

 
3.3.2.2. TEM analysis 

 Using transmission electron microscopy, we additionally analyse our 

materials' surface morphology, microstructure, and the particle size of the 

nanoparticles [132]. With the help of ImageJ software, the average diameters of Ce1-

xYxO2 samples are determined to be 18, 14, 12, and 12 nm for x values = 0.00, 0.03, 

0.05, and 0.07, respectively (TEM images, figure 3.6 inset) and tabulated in Table 

3.1.The obtained size is consistent with the results of XRD measurement where the 
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average particle size for x = 0.05 and 0.07 concentration are again the same which 

validate our conclusion that higher doping concentration results in smaller particle 

size of Y-doped CeO2 nanoparticles, but after optimal doping (x = 0.05) in our case, 

the particle size does not change effectively. For Y-doped CeO2 nanoparticles, the 

histogram showing particle-size distribution (displayed in the inset of figure 6) 

demonstrates that the distribution of particle size is rather fine in the range of 12-18 

nm. Additionally, information regarding the impurity phases related to Y, in doped 

CeO2 nanoparticles is interpreted using HRTEM and SAED analysis. 

 

 
Figure 3.6: TEM images of (a) undoped CeO2, (b) Ce0.97Y0.03O2, (c) Ce0.95Y0.05O2 

and (d) Ce0.93Y0.07O2 nanoparticles. An inset histogram graph displays the 

corresponding particle size of the samples 

 
 The lattice fringes in the HRTEM pictures are well-orientated as shown in 

figure 3.7 and majority of them are separated by about 0.31 nm. Furthermore, the 

SAED pattern of undoped CeO2 and Y-doped CeO2 samples are displayed in inset of 

Figure 3.7. Four broad rings can be seen in the SAED pattern, and they may 

correspond to the (111), (200), (220), and (311) planes. Every sample's diffraction 
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rings closely resemble the XRD pattern, and when the concentration of Y ions rise, 

the diffraction rings widen, signifying the samples' diminishing crystalline nature and 

decrease in particle size [121]. The optical band gap energy is also influenced by the 

fluency of Y ions in CeO2 nanoparticles; this is covered in more detail using UV-Vis-

NIR spectroscopy in the following section. 

 

 
Figure 3.7: HRTEM images of Y doped CeO2 nanoparticles with d spacing 

corresponding to (111) plane: (a) Undoped CeO2, (b) Ce0.97Y0.03O2,  

(c) Ce0.95Y0.05O2 and (d) Ce0.93Y0.07O2 nanoparticles and the inset graph shows 

their corresponding SAED images 

 
3.3.3.  Absorption spectroscopy 

 The absorption spectra of undoped CeO2 and Ce1-xYxO2 nanoparticles as 

determined using UV-visible absorption spectroscopy is depicted in figure 3.8 (a), 

which shows that band edge absorption have undergone considerable alterations.  
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Figure 3.8: (a) UV-Vis optical absorbance spectra, (b) Tauc's plot of (αhν)2 versus 

photon energy (eV) of undoped CeO2 and Ce1-xYxO2 nanoparticles samples 

 
 To further explain that how Yttrium-doping affects the optical characteristics 

of the host material, the Tauc’s relation have been considered to determine band gap 

energies (Eg) [133]. The value of Eg have been derived by extending the linear portion 

of the photon energy curve to the energy axis (figure3.8 (b)). Table 3.4 summarizes 

the calculated value of Eg using Tauc’s plot, energy equation method and derivation 

method. From Tauc’s plot, the estimated Eg for undoped CeO2 nanoparticles is 

measured to be 3.38 eV, which gradually decreases to 2.95 eV with entry of yttrium (x 

= 0.03), indicating that incorporation of yttrium ions exhibits the potential to strongly 

modify the optical properties of CeO2 nanoparticles. As seen in figure 3.8 (a), red shift 

is observed for the absorption peaks because of the formation of smaller size 

nanoparticles [134, 135]. The band gap, however, is once more widened at higher Y 

content (x = 0.05, 0.07). Band gap expansion at this concentration is correlated with 

the Burstein-Moss (BM) effect [136,137]. 

 
 Even though the crystallite size is smaller for x = 0.03 as well, the BM effect 

cannot occur because the carrier concentration is insufficient to overcome the critical 

density concentration. As a result, the persistence of band gap narrowing continues up 

to x = 0.03. However, at x = 0.05 doping concentration, the crystallite size drops to 9 

nm and therefore the band gap energy will widen because of the carriers being more 

restricted in the small particle size. Band gap is thereby widened by both carrier 
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confinement and the BM effect at higher doping (x = 0.05, 0.07) concentration. As a 

result, for a given band gap, there is an optimal doping.  Additionally, the value of 

energy band gap has also been derived using energy equation method and derivation 

method, each method yields a different numerical result but has a similar pattern of 

variance in the Eg as shown in Table 3.4. 

 
Table 3.4: Various optical parameters for undoped CeO2 and Ce1-xYxO2 

nanoparticles samples 

Samples Eg (eV) Eu (eV) n 

Tauc’s 
formula 

Energy equation 
method 

Derivation 
method 

Undoped 
CeO2 

3.38 3.53 3.54 0.1386 2.3016 

Ce0.97Y0.03O2 2.95 3.08 3.07 0.2054 2.4106 

Ce0.95Y0.05O2 3.01 3.12 3.12 0.1659 2.3943 

Ce0.93Y0.07O2 3.01 3.10 3.10 0.1682 2.3943 
 
 The Urbach (Eu) represents the spectral variation at the absorption edge [138]. 

Plotting logarithm of absorption coefficient versus hν curve yields Eu, as seen in 

figure 3.9. Table-3.4 provides a summary of calculated values of Eu. As it can be seen, 

the Y3+ substitution (x = 0.03) in CeO2 lattice enhances the Eu value. This shows an 

increase in structural disorder and the role of defects in localised states of the band 

gap [139].  Further as we go on higher doping concentration (x = 0.05, 0.07), the Eu 

decreases again. This shows that optical band gap modifies the Urbach energy 

reversely. An important optical property of the material is the refractive index (n), 

whose variation significantly affect the optical properties for many applications 

[140,141]. The estimated refractive index for the prepared samples is shown in Table 

3.4. The value of n for undoped CeO2 is found to be 2.0316 but as Y ion is 

incorporated into CeO2 sample (x = 0.03), the value of n increases which further 

decreases for x = 0.05 and 0.07. Table 3.4 shows that variations in Urbach energy and 

refractive indices exhibit similar patterns with varying Y ion concentration. We 

predicted a non-systematic variation in the Eg values as a function of Y doping. This 

proof establishes that the defects brought on by the Y content strongly affect the 

optical properties of the CeO2 nanoparticles. 
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Figure 3.9: ln𝜶𝜶 versus hν for undoped CeO2 and Ce1-xYxO2 nanoparticles 

samples. 

 

 
Figure 3.10: Energy band diagram of undoped CeO2 andCe1-xYxO2 nanoparticles 

samples 
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 The Mullikan electro negativity formula [61] can be used to further establish 

the generation of defects with introducing yttrium ions, which is also likewise shown 

in the UV-Vis band gap measurement. This helps us to better understand the 

mechanism of electron and hole separation. The relative change in the energy 

positions of the VB and CB caused by the entry of yttrium into CeO2 lattice is 

depicted in figure 3.10, The conduction band is located 3.38 eV above the Fermi level 

indicating that the predicted band gap matches the experimental value of 3.38 eV for 

undoped CeO2 nanoparticles as shown in figure 3.10. The findings validate that the 

absorption peaks of Y-doped CeO2 nanoparticles are most probably originated due to 

intra-bands formation and the absorption maxima is red shifted towards higher 

wavelength with variation in band gap owing to the BM effect at higher doping 

concentration. 

 
3.3.4.  Photoluminescence Spectroscopy 

 The PL spectrum excited under 325 nm for undoped CeO2 and Y-doped CeO2 

samples with in wavelength range 350-580 nm is shown in figure 3.11.  

 
Figure 3.11: The PL spectra of undoped CeO2 and Ce1-xYxO2 nanoparticles 

samples  
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 The observed emission peaks are the outcomes of the radiative recombination 

of electrons-holes [89]. According to the findings from the literatures [142], the 

emission band of CeO2 samples between 400 and 500 nm arises due to transition from 

one defect level to another in the Ce 4f to O 2p level. The visible spectra between 400 

– 500 nm corresponds to the photogenerated hole and the electron filling the oxygen 

vacancy undergoing radiative recombination. A band of seven peaks has been detected 

in the PL spectra that are centred at 437, 448, 467, 481, 491 and 557 nm. Blue 

emission has peaks around 437 and 448 nm, while blue green emission has peaks 

around 467, 481, and 491 nm. The green emission is responsible for the peak visible 

at 557 nm. The near-band exitonic recombination is responsible for emission band 

peak observed at 437 nm. According to Meng et al. [143], emission peak at 445-500 

nm could attribute to the transitions from various defects levels to the O 2p band. A 

blue emission band at 448 nm, which may be related to the oxygen vacancies. A sharp 

peak location at 467-469 nm is accountable for the features of the traps existing in the 

nanoparticles [144] whereas; in view to Wang et al. [145] the emission peak at 467 

nm is caused by numerous beneficial defects. Kwok et al. [146] found that an 

emission peak around 481 nm is arisen by the transition from the ionised oxygen 

vacancies state to the valence band. There is a blue PL emission peak 491 nm that 

results from electron decay from the CB to the acceptor band. Oxygen interstitial (Oi) 

can also cause the formation of this zone as reported by Kavita et al. [147]. Green 

radiation in the 500–560 nm range is attributed to local oxygen vacancies defects 

where; the oxygen vacancy leaves four unbound electrons and weakly bonded Ce ion 

electrons in the unit cell. These electrons produce a donor energy range that is near to 

and lower than CB. In the PL spectra of Y-doped CeO2 samples, not a shift in the 

defect emission position, but the appearance of and Y-related emission peak, has been 

noted Interestingly, the spectrum of undoped CeO2 does not show the peak at 575 nm, 

which is present in the Y-doped sample. Y ions themselves may be responsible for this 

rise. The existence of a significant number of defects linked to the Y content, can alter 

PL emission. The Y content is crucial to the PL because it induces defects and 

material disarray when it is present. 

 
 Since both undoped CeO2and Y-doped samples shows band to band excitation 

peak within the wavelength range 360 to 580 nm. Considering that the position of the 

peaks does not differ noticeably in undoped and doped samples except the appearance 

of peak at 575 nm which is observed only for Y-doped samples. The oxygen defect 
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levels below the Ce 4f level in the mid band gap of CeO2 extend nearly up to 3 eV 

from the valence band. Since, all the excitation peaks fall inside this energy range, so 

these peaks can be associated with the oxygen vacancies. The presence of various 

energy levels of oxygen vacancies in the CeO2 nanoparticles is evident from the 

appearance of these excitation peaks [136]. Therefore, it is evident from PL spectra 

that oxygen vacancies, which serve as effective centre for the capture of excited 

electron, are primarily responsible for these visible emission peaks. By recombining 

with the valence band or trapped hole, the excitation energy is held there and then 

released to dopants or directly radiated as light. 

 
 The colour parameters related to the prepared undoped and Y-doped CeO2 

samples are identified to comprehend their usefulness in the light emitting diodes 

(LEDs). In a two-dimensional colour system established by the Commission 

Internationale de' Eclairge (CIE) in 1931, the emitted colours of undoped and Y-doped 

CeO2 are displayed as (x, y) points. The name of this colour space is CIE (x, y) 1931 

[148]. To accurately determine colour parameters like dominant wavelength, CRI, 

CCT and colour purity, the CIE plot can be used. Table 3.5 contains the calculated 

colorimetric values (x, y) of undoped CeO2 and Y-doped CeO2 samples. The horseshoe 

diagram in a CIE plot as shown in figure 3.12 contains all the colours that are visible 

and have a set of (x, y) coordinates. According to the NTSE system, the CIE colour 

coordinates of Y-doped and undoped CeO2 nanoparticles are close to yellow point 

region (CIE standard Illuminant C), indicating that colorimetric coordinates (x, y) lie 

in the yellow region, showing the richness of yellow colour emission. The calculated 

magnitude of dominant is provided in Table 3.5 and ranging from 575-582 nm, 

corresponding to yellow emission.  

 
Table 3.5: Various colour parameters for undoped CeO2 and Ce1-xYxO2 

nanoparticles samples 

Samples X y 𝜆𝜆d (nm) Purity (%) CCT CRI 

Undoped CeO2 0.4026 0.4133 576.3 44.9 3729 89 

Ce0.97Y0.03O2 0.3953 0.3750 583.0 31.2 3600 95 

Ce0.95Y0.05O2 0.4028 0.3896 580.7 37.8 3547 93 

Ce0.93Y0.07O2 0.4014 0.3867 581.1 36.5 3554 93 
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 As a result, the samples can be utilized as a yellow phosphor in applications 

involving solid state illumination [149,150]. When discussing x-y chromaticity, purity 

(also known as saturation) refers to how "pure" or monochromatic a colour is at a 

specific brightness [151]. With higher excitation purity, pure colours appear more 

saturated and vice-versa [149]. Table 3.5 shows that both undoped and Y-doped 

samples have calculated purity values below 50%, meaning that these samples exhibit 

less saturation of yellow colour.  

 

 
Figure 3.12: The CIE- plot of undoped CeO2 and Ce1-xYxO2 nanoparticles 

samples. 

 
 Technically, the CCT parameter is employed to produce various kinds of 

commercial atmospheres as it represents the warmth of a light source [152]. As 

demonstrated in Table 3.5, the CCT values of the prepared samples in our case is 

below 4000 K, which falls under the category of warm light sources with wide range 

of applications at indoor site. These samples are useful for lighting office spaces 

where CCT (3000–4000K) is typically appropriate, hospitals where CCT (3500–

4000K) is better for setting a fresh, alert atmosphere, and schools and universities 

where CCT range (3500–400K) is more preferred for creating an energising 
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atmosphere. Using a mathematical method, the colour-rendering index (CRI) 

measures how well the capacity of a light source to make colours visible to human 

vision in comparison to the standard light sources [148]. As the Table 3.5 indicates the 

value of CRI for Y-doped CeO2 samples is more than compared to undoped CeO2. 

Such results show that doping CeO2 with the elements such as Y can effectively 

enhance the optical as well as photoluminescence characteristics. The obtained results 

from Table 3.5 shows that all the colour parameters for x = 0.05 and 0.07 

concentration is almost the same, which is consistent with the outcomes of XRD, 

TEM and absorption spectroscopy where the parameters such as average particle size, 

Eg, n and Eu are obtained to be similar for x = 0.05 and 0.07 concentration.  

 
3.3.5.  X-Ray Photoelectron Spectroscopy (XPS) Measurement 

3.3.5.1. XPS spectra of Ce 3d 

 
Figure 3.13: The deconvoluted peak of Ce 3d profile of undoped CeO2 and  

Ce1-xYxO2 nanoparticles samples 
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 The CeO2 nanoparticles have been characterized using XPS of Ce 3d, O 1s 

and Y 3d core level before and after yttrium doping. The Ce 3d core level XPS spectra 

of Ce1-xYxO2 samples are shown in figure 3.12. The C 1s peak (binding energy (BE) = 

284.6 eV) has been taken as a reference point to adjust all BE for the charge shift 

[153]. Figure 3.13 illustrates how Ce 3d core level spectra in the BE range 876-921 

eV have been deconvoluted using Gaussian fitting. The final-state occupancy of the 

Ce 4f level in Ce 3d XPS core-level spectra is often characterized by complicated but 

distinctive characteristics [154]. Based on the previous studies [155], there are 

following classifications for the Ce 3d spectrum: the peaks denoted by u and v are 

caused by the corresponding 3d3/2 and 3d5/2spin-orbit states, respectively. The 

principal photoemission from Ce4+ is what causes the u′′′/v′′′ doublet to exist. The 

transfer of electrons from fulfilled O 2p orbital to an unfilled Ce 4f orbital results in 

the u/v and u′′/v′′ doublets, which are shakedown characteristics. 

 
 Ce3+ cation photoemission is responsible for the u′/v′ doublet. In general, these 

deconvoluted Ce 3d core-level spectra can be classified into ten peaks, six of which 

are structures formed by Ce4+ ions and four of which are formed by Ce3+ ions. The 

peaks labelled vo, v′, uo, and u′ are typical Ce3+ peaks, whereas the remaining six 

peaks labelled v, v′′, v′′′, u, u′′, and u′′′ are typical Ce4+ peaks (figure 3.13) [156]. 
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Table 3.6: Assignments of the Ce 3d XPS peaks and the concentration of Ce3+ and Ce4+ ions along with their ratio for undoped CeO2 and 

Ce1-xYxO2 nanoparticles samples 

Samples 
3d5/2 [in eV] 3d3/2 [in eV] 

Ce3+ (%) Ce4+ (%) 𝐶𝐶𝐶𝐶3+

𝐶𝐶𝐶𝐶4+ 
vo V v’ v” v”’ uo u u’ u’’ u’’’ 

Undoped CeO2 881.96 884.25 886.53 889.03 897.47 898.20 900.33 902.54 907.11 916.42 40.60 59.39 0.68 

Ce0.97 Y0.03O2 881.70 884.51 886.97 888.78 897.31 897.93 900.21 902.58 906.75 916.03 42.45 57.54 0.73 

Ce0.95 Y0.05O2 881.71 884.09 886.94 888.65 897.31 897.85 900.24 902.33 906.81 916.06 44.84 55.15 0.81 

Ce0.93 Y0.07O2 881.62 884.24 886.98 888.73 897.73 897.73 900.38 902.38 906.70 915.97 44.14 55.85 0.79 
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 Table 3.6 lists all peak positions for "u" and "v" for undoped CeO2 and Ce1-

xYxO2 samples. The total concentration of Ce3+ and Ce4+ ions present in the samples is 

determined by the equation as per the reference [157]. Table 3.6 summarizes the 

concentration of Ce3+ and Ce4+ ions, which demonstrates that on increasing doping 

concentrations (x = 0.03, 0.05), the concentration of Ce3+ ions gradually rise because 

of the lower radii Ce4+ ions being replaced by bigger radii Y3+ ions in CeO2 

nanoparticles, to retain charge neutrality. The presence of Ce3+ corresponds to the 

formation of oxygen vacancies or Ce2O3 phase. At x = 0.07, not much difference in 

the concentration of Ce3+ ions have been observed in compare to x = 0.05, which 

again suggest to control the limit of doping concentration after x = 0.05. According to 

the XPS analysis, the occurrence of Ce3+ and Ce4+ ions have been detected in all the 

samples, and the increase in the Ce3+ concentration attributes to the more defects 

and/or an amorphous phase of Ce2O3, so formed. 

 
3.3.5.2. XPS spectra of O1s 

 Figure 3.14 displays the O 1s spectra for undoped CeO2 and Ce1-xYxO2 

samples. The concentration of O2- ions for all samples is calculated using the 

deconvoluted three-peak asymmetrical O 1s core level spectrum. The BE range of the 

spectrum is 526-540 eV. Peaks with BE of (528.80, 529.50 and 531.60) eV in the O1s 

represents oxygen lattice (OL), oxygen vacancies peak (Ov) and OC associated with 

the Ce 3+ ions (Ce3+ -hydroxide and Ce3+-oxide), observed in CeO2 nanoparticles 

respectively [158,143].  
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Figure 3.14:  The deconvoluted core level spectra of the O 1s profile for undoped 

CeO2 and Ce1-xYxO2 nanoparticles samples 

 
 The quantitative analysis of the OL and Ov peaks demonstrates that the 

formation of oxygen vacancies on the surface and found to vary when the Y 

concentration in the CeO2 nanoparticles changes. Additionally, the O 1s electron is 

more closely bound to the Ce3+ than Ce4+ oxidation state [130]. Therefore, the change 

in the formation of oxygen vacancies may also be related to the change in the 

transition state of Ce4+ Ce3+ ions brought on by the incorporation of yttrium ions in 

the CeO2 nanoparticles.  The total oxygen concentration of the samples is equal to the 

sum of the oxygen required to completely oxidize both oxidation state: Ce3+ and Ce4+ 

to form Ce2O3 and CeO2. After that, considering the stoichiometry, which is 1.5 for 

Ce2O3 and 2 for CeO2 respectively. The concentration of Ce3+ and Ce4+ ions as shown 

in Table 3.7 may now be used to establish the stoichiometric ratio of the oxygen to the 

sum of Ce3+ and Ce4+ ions using the equation as per the reference [159].The actual 

stoichiometry x′, which do not account for the theoretical stoichiometry of the totally 

oxidized forms, namely Ce2O3 and CeO2, respectively, are thought to be much closer 
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to reality [160,161]. Table 3.7 shows how Yttrium concentration affects the 

stoichiometry obtained by x and x’ for all the prepared nanoparticles samples. In most 

cases, x > x, with magnitude of x <2 (nearly 1.5), if CeO2 is oxygen deficient. 

Because of the maximum oxygen storage in the lattice for both oxides’ forms, Ce2O3 

and CeO2, x’ cannot exceed x. The values of the theoretical stoichiometric parameter 

x, for the prepared samples are found to be less than 2. The deficiency of the lattice 

oxygen influences the creation of oxygen vacancies [162]. The calculated 

stoichiometric ratio of oxygen to cerium has greater value of x in compare to x’ for all 

the samples, suggesting that part of Ce3+ is consumed in the formation of Ce2O3, along 

with the generation of oxygen vacancies [163]. Therefore, an increase in Ce3+ ions 

occur simultaneously with the promotion of these oxygen vacancies. 

 
 The study of XPS revealed the creation of oxygen vacancies and Ce2O3, 

present in the CeO2 deposits in this work, although XRD only revealed CeO2. 

Considering this, the Ce2O3 phase is amorphous in nature [159].  

 
Table 3.7: Individual O 1s peak XPS binding energies and stoichiometry ratio 

𝒙𝒙 and 𝒙𝒙′ for undoped CeO2 and Ce1-xYxO2 nanoparticles samples 

Samples OL [eV] OV [eV] OC [eV] % OL % OV X x’ 

Undoped CeO2 528.69 529.35 530.63 44.81 55.19 1.79 1.48 

Ce0.97 Y0.03O2 528.58 529.11 530.69 58.85 41.14 1.78 1.69 

Ce0.95 Y0.05O2 528.57 529.09 530.62 58.53 41.46 1.77 1.64 

Ce0.93 Y0.07O2 528.45 528.95 530.72 45.98 54.01 1.78 1.68 

 

3.3.5.3.XPS spectra of Y 3d: 

Table 3.8: XPS binding energy peak position of Y 3d of Ce1-xYxO2 nanoparticles 

samples 

Samples Y3d5/2 [eV] Y3d3/2 [eV] 

Ce0.97 Y0.03O2 156.47 158.58 

Ce0.95 Y0.05O2 156.58 158.60 

Ce0.93Y0.07O2 158.42 158.34 
 



Chapter-3: Study of Y-Doped CeO2 Nanoparticles 
 

81 

The Y-doped samples exhibit a doublet for 3d state which have been detected in the 

XPS spectra as shown in figure 3.15. These two peaks existing at binding energy 

range 156-157 eV and 158-159 eV corresponds to Y3d5/2 and Y3d3/2 respectively, as 

shown in Table 3.8 [164]. 

 

 
Figure 3.15: Y 3d core level spectra of Ce1-xYxO2 nanoparticles samples. 

 
 The XPS analysis conclude that doping of Y give rise to generation of more 

defects and oxygen vacancies in CeO2 nanoparticles. Using XPS, it has also been 

shown that for Y-doped samples, the concentration of Ce3+ has risen as the doping 

concentration of Y has increased. However, after an optimal doping concentration (x = 

0.05), no significant effect is observed due to presence of optimal level of Ce3+ ions 

and oxygen vacancies. 

 
3.3.6.  Photocatalytic activity  

 The photo-catalytic activity of CeO2 and Y-doped CeO2 are investigated using 

the methylene Blue (MB) dye degradation. For this purpose, UV-Vis light of mercury 

lamp (250W, ~200-600 nm) is used for photo-catalytic degradation of 150 ml aqueous 
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solution (10-5M or 10 ppm) of MB dye using 30 mg undoped CeO2 and Y-doped CeO2 

nanoparticles as catalyst. To achieve adsorption/desorption equilibrium between the 

substances and catalyst, the catalyst-added MB dye solution is stirred for an hour in a 

dark atmosphere using a magnetic stirrer. After that, dye solution is exposed to UV-

visible light and in every 30 min time interval 20ml MB solution is collected for study 

of degradation kinetic. The following formula is used to get the efficiency of 

degradation (η) of MB [98]: 

 𝒏𝒏 = 𝑪𝑪𝟎𝟎−𝑪𝑪
𝑪𝑪𝟎𝟎

× 𝟏𝟏𝟏𝟏𝟏𝟏%   (3.2) 

 
Here, C0 and C are the initial and leftover MB solution concentrations, respectively. 

The photocatalytic activity of CeO2 is enhanced by doping concentration of Y in CeO2 

nanoparticles. MO solution is showing a comparable change of 39%, 42%, 47% and 

54% in its concentration with uses of undoped CeO2, and as photo-catalyst, 

respectively. This outcome demonstrates the improvement in photoinduced activities 

with Y concentration increment, which obey undoped CeO2 ˂ Ce0.97Y0.03O2 ˂ Ce0.95 

Y0.05O2 ˂ Ce0.93Y0.07O2 orders and 3.2x10-3min-1, 3.6x10-3 min-1, 4.2x10-3 min-1and 

5.1x10-3 min-1 are the calculated reaction rate value for them. Whole calculation is 

based on the pseudo-first-order kinetic equation (i.e. ln(C/C0) = kt). Reaction rate 

constant (k) for Ce0.93Y0.07O2is ~1.5 times higher than the undoped CeO2 rate 

constant. It draws attention to the fact that Y-doped CeO2 has higher photocatalytic 

activity than undoped CeO2.The chemical and pollutant oxidation processes caused by 

photosynthesis are described in the following reactions: 

 hν + CeO2/Y-CeO2→ h+ (VB) + e- (CB)  (3.3.i) 

 h+ + H2O → H+ + OH-   (3.3.ii) 

 h+ + OH- → OH●  (3.3.iii) 

 e- + O2 → O2
●  (3.3.iv) 

 2e- + O2 + H2O → H2O2  (3.3.v) 

 e- + H2O2 → OH● + OH-  (3.3.vi) 

Organic pollutant + OH● + O2 → H2O + CO2 + other degraded molecules.  (3.3.vii) 

 
 This enhanced photocatalytic phenomenon may be attributed to many factors 

such as Y-doped content in CeO2 nanoparticles, improved defect density or oxygen 

vacancies, wide surface area, broad optical absorption spectra, reduced band gap, and 

high electron-hole separation time [119, 120, 98]. Y-doped CeO2 and undoped CeO2 
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nanosheets undergo electron-hole pair production during a photocatalytic reduction 

activity when they are subjected to UV-Vis light exposure. The enhanced light 

harvesting ability of Y-doped CeO2 is a significant contributor to its high 

photocatalytic efficiency. With a large bandgap of around 3.3 to 3.5 eV and a short 

Urbach tail, pure CeO2 absorbs light exclusively in the UV range (λ < 370 nm), with 

very low absorption from the visible range. Nevertheless, when the Y-dopant 

proportion rises, CeO2 exhibits a decreasing band gap and an increased Urbach energy 

[98, 165]. 

 

 

 
Figure 3.16:  UV-Vis absorption spectra of photocatalytic reduction for varying 

time in presence of different catalyst (a) Undoped CeO2, (b) Ce0.97Y0.03O2, (c) 

Ce0.95Y0.05O2 and (d) Ce0.93Y0.07O2. 

 

Therefore, in comparison to undoped CeO2, it offers a greater absorption in the UV-

visible range. As a result of the photocatalytic activity being carried out using a 

mercury UV-Vis lamp (250W, 200-600nm range). UV-Vis absorption spectra of 

photo-catalytic reduction for varying time in presence of different catalyst (a) 
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Undoped CeO2 (b) Ce0.97Y0.03O2, (c) Ce0.95Y0.05O2and (d) Ce0.93Y0.07O2 are shown in 

figure 3.16. The absorption range of the spectra increased as the bandgap narrowed 

with increasing Y dopant. A decrease in the bandgap enhances photo-catalytic activity 

by enabling low-energy photons to participate in photo-induced reduction. Secondly, a 

high defect density leads to an improvement in the Urbach tail.  

 

  

  
Figure 3.17: (a) Concentration variation of MB after photocatalytic oxidation, 

(b) Photocatalytic reaction kinetics of MB, (c) Rate constant and strain variation 

with doping concentration and (d) Schematic diagram of undoped CeO2 and Y-

doped CeO2 photocatalytic activity. 

 
 The high density of states close to the conduction band edge is caused by these 

defects, which also enable the valance band electron to be stimulated by a photon with 

somewhat lower energy. These defects offer places of stimulating electron trapping, 

assisting in extending the period of electron hole pair recombination [165]. Therefore, 

the long charge separation time of Y-doped CeO2 makes it an extremely effective 

photocatalyst, encouraging improvements in the rate of photo-catalytic reduction. The 

concentration variation of MB after photocatalytic oxidation and photocatalytic 

reaction kinetics is shown in figure 3.17(a) and (b) respectively, whereas, figure 
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3.17(c) represents the rate constant and strain variation with doping concentration. Y 

demonstrated the behavior of a sensitizer to absorb visible light when it is doped with 

CeO2. As a result, CeO2's excited electrons transfer to the transition metal Y's 

conduction band, where they produce a similar number of holes in the valance band 

[165]. Figure 3.17(d) provides a schematic representation of the process involved in 

the improvement of the photo-catalytic activity of both undoped and Y-doped CeO2. 

For Y doped CeO2, the holes that have formed in the valance band shift to the O-Y-O 

energy level, his causes Y-doped CeO2 to be working far better photo-catalytically. 

As shown in figure 3.17(c), lattice strain and photocatalytic rate constant showing a 

similar trend with doping concentration.  

 
 It can be summarized that the number of oxygen vacancies and generation of 

defects are found to increase by Y-doping. The occurrence of strain and structural 

distortion has been revealed by the XRD measurement. The results from HRTEM 

image shows that Y-doped samples comprised of many small particles which are 

spherical in shape and having particle size below 20 nm. The successful incorporation 

of Y3+ ions is additionally supported by UV-Vis spectroscopy which shows that the 

absorption peaks arises due to electronic transition of Y in the crystalline environment 

of CeO2.The lowering of the optical band gap after Y-doping is due to presence of 

defects related to Y present in the mid of the gap.However, the BM effect is 

responsible for the rise of the band gap at the optimal concentration of Y. The CeO2 

nanoparticles' oxygen defects are also visible in the PL spectra. Therefore, by adding 

Y dopant concentration, the oxygen vacancies concentration in CeO2 may be raised, 

making it an effective oxygen storage material. The XPS analysis suggests that 

concentration of Ce3+ first rises as Y content is increased. It is demonstrated that x = 

0.05 dopant concentration corresponds to the maximum Ce3+. But as the amount of Y 

rises above x = 0.05, no variation has been found. Thus, the present work shows that 

the defect structure in Y-doped cerium is highly dependent on the doping 

concentration. Our results convincingly demonstrate a random distribution of Y3+ 

along with oxygen vacancies complex at lower doping. However, our findings showed 

that Y3+ tends to aggregate at the surface of CeO2 accompanied by oxygen vacancies 

and Ce3+ ions at higher doping. This result can be explained that lattice strain can 

modify the surface energy and reactivity of photocatalytic materials. Strained surfaces 

may exhibit higher reactivity, providing more active sites for photo-catalytic 
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reactions. Also, a crystal's strain can cause defects to develop, such as oxygen 

vacancies and these voids may serve as active sites. Change in the electrical band 

structure can result in modifications to the band gap caused by strain inside the crystal 

lattice [166]. By increasing visible light absorption, a narrower band gap can raise 

photo-catalytic efficiency. In summary, these circumstances improve the electron hole 

pair separation time, activate a wide range of spectra for photocatalytic reduction of 

organic pollutants, and increase porosity and surface area for photochemical 

reactivity. 

 
 Adding yttrium to the CeO₂ lattice changes its structure and electronic 

environment by partially substituting Ce⁴⁺ ions. This substitution changes not only the 

crystallite size and lattice strain, but also the oxygen vacancy content, which is crucial 

for improving structural, optical, and photo-catalytic responses. The inclusion of Y³⁺ 

stimulates lattice relaxation and oxygen defects development due to its lower valence 

state and slightly different ionic radius than Ce⁴⁺. Y-doped CeO₂ nanoparticles exhibit 

better redox activity, reduced band gap, enhanced photoluminescence, electronic 

structure at ambient temperature, and improved surface morphology. This makes them 

excellent for photo-catalysis, environmental remediation, and optical devices. 

 
3.4. Conclusion 
 The co-precipitation route synthesized CeO2and Y-doped CeO2 nanoparticles 

are investigated in this chapter for structural, morphological, optical, XPS, 

luminescence properties and their photocatalytic activity. The crystallite size of these 

single-phase nanoparticles is measured within the range 18-9 nm by XRD and TEM 

analysis with better crystalline nature. According to HRTEM images, the inter-planer 

distance for (111) plane changes significantly for different doping concentration. We 

have seen variations in magnitude of refractive index and Eg values with varied 

concentrations of Y3+ ions in CeO2 from the analysis of the UV-Vis-NIR spectroscopy. 

Incorporating Y3+ ions into CeO2 nanoparticles lowers the refractive index, which 

improves UV protection. Increases in Eu values at higher doping concentration 

support the introduction of defects and new inter band states within the band gap. The 

obtained CCT for the doped samples examined using PL spectra indicates the wide 

application of these samples with yellow luminescence. The core level Ce 3d, O1s, 

and Y 3d XPS spectra have also been obtained and thoroughly examined to govern the 
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electronic structure properties of these nanoparticles. The XPS investigation reports 

the incorporation of the Y3+ ions in the lattice, the transition of the oxidation state: 

Ce+4 Ce3+ ions, and formation of oxygen vacancy states by the creation of defects 

or an amorphous phase of Ce2O3. According to photo-catalytic results, 7% Y 

dopedCeO2 is showing almost 1.5 times higher photocatalytic reduction rate constant 

than undoped CeO2. Reason behind this higher photocatalytic reduction of organic 

pollutant might be synergistic effect of photogenerated high electron hole pair 

concentration and OH● radicals generated in catalytic reaction. Y doped CeO2 

nanoparticles are an excellent catalyst driven by UV-Vis light and can eliminate 

organic pollutants from aqueous solutions. 
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Chapter-4 

Study of Structural, Optical, Photoluminescence, Electronic 

Structure and Electrochemical Properties of Ag-Doped CeO2 

Nanoparticles 
 

Abstract 

 The structure and functional properties of materials can be significantly 
influenced by the synthesis of nanoparticles. This chapter presents undoped CeO2 and 
Ag doped CeO2 nanoparticles with different concentration of Ag (x = 0.03, 0.05 and 
0.07), prepared using a simple coprecipitation route of synthesis. The prepared 
nanoparticles have been characterized via X-ray diffraction (XRD), UV-Vis NIR 
spectroscopy, photoluminescence (PL), X-ray photoelectron spectroscopy (XPS) and 
electrochemical analysis. The XRD measurement infers the improvement in the 
crystalline nature with Ag-doping and crystallite size between 13-9 nm. The 
absorption spectra reflect the red shifting of the absorption peaks along with the 
narrowing of band gap with rise in the Ag concentration. To ascertain the defects and 
excitation wavelength, PL measurement has been performed. High color rendering 
index (CRI) of the prepared samples showed good luminescence with white light 
emission. The development of oxygen vacancies upon Ag doping is further confirmed 
by XPS measurement. In addition, the XPS measurements revealed the charged 
oxygen vacancies as well as the valence states of Ce with 3+ and 4+, Ag with 1+, and 
O with 2-. The CV test verified that in 2 M KOH electrolyte solution, the 5% Ag-
doped CeO2 nanoparticles had the maximum specific capacitance (CSP) value of 
363.44 F/g at scan rate of 10mV/s the best cycle stability (retaining 93.90% after 2100 
cycles). It was discovered that the 5% Ag-doped CeO2 nanoparticles had an energy 
density of 125.08 Wh/kg and a power density of 652.48 W/kg. An excellent super 
capacitive performance of Ag doping in CeO2 could be used as a unique electrode 
material to develop high-efficiency and durable energy storage devices and resulted in 
the enrichment of electrochemical properties of these nano-materials. Cyclic 
voltammetry (CV) results are consistent with electrochemical impedance 
spectroscopy, indicating good voltammetry and impedance spectroscopy performance 
of Ag-doped CeO2 nanoparticles. These nano-materials are also better alternatives for 
solid state electrolyte for fuel cells, UV blockers, photo-catalyst, and many other 
applications. 
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4.1. Introduction 
 In this modern world, the need for electrical power is rising so fast as the 

capacity to deliver a significant amount of electric power quickly becomes crucial 

with the rise of electrically powered devices and electric motors. Similarly, there is a 

growing trend in automobiles to recover power when braking. This necessitates the 

use of storage devices with rapid charging times and a big capacity to hold the energy 

generated during braking. These prerequisites bring to the imminence of 

supercapacitor. The supercapacitor is placed somewhere in between storage batteries 

and commercial capacitors [100]. An additional draw of supercapacitor is their 

extended cycle life and environmentally friendly design. The electric double layer 

capacitor (EDLC) used in supercapacitor was initially made of carbonaceous 

materials, which offer low resistance, and a long cycle. Yet, the double layer area 

limits the energy density of the EDLC [167]. Due to this limitation, researchers are 

now looking for substitute materials for pseudocapacitors, which store charge using 

Faradic redox processes [168,169]. In pseudocapacitors, rare earth (RE) oxides, 

polymers, and transition metal oxides are the most common materials used. Due to 

their multi-oxidation state stability and enhanced ionic conductivity, transition metal 

and RE oxides are thought to be the best options [170]. The potential of RE oxides in 

supercapacitor applications has recently attracted a lot of attention. Our investigation 

into preparation cerium oxide nanoparticles via co-precipitation method have resulted 

into very favorable outcomes. Cerium oxide is the preferred material because of its 

appealing valence states, high theoretical capacitance, affordability, and 

environmental friendliness. Also, CeO2 can be used as a supercapacitor because of 

their electrochemical properties in different electrolytes and when paired with other 

materials [171, 172]. CeO2 can store and release oxygen at low temperatures owing to 

its FCC structure, which produces cations with varying oxidation levels between Ce3+ 

and Ce4+. The redox cycle between Ce3+ Ce4+, is known as the oxygen storage 

capacity (OSC) [105]. Therefore, CeO2 has been employed as a stable catalytic 

material for redox reactions [173]. It is a semiconductor with an indirect optical band-

gap 2.9-3.2 eV, great efficiency, thermal stability, and exceptional unique properties 

such as oxygen diffusion rates, quick reaction kinetics, the material can be applied in 

the thermo-chemical industry [174, 175]. The leading properties of CeO2 

nanoparticles, such as high oxygen ion conductivity, high specific capacitance, high 

refractive index, and non-toxicity, have resulted into their various applications, 
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including supercapacitor [176], solar cells [177], photo- catalysis [178] and solid-

oxide fuel cells [79]. Many studies revealed that addition of other material to the 

CeO2 structure to enhance the materials' properties and increase its applications. 

Doping approach on CeO2 nanostructures has been directed towards the oxidation 

reactions that convert Ce4+ to Ce3+. Doping metal ions with valances <4+ may 

increase the mixed conductivity of CeO2 nanoparticles. TM ions are widely 

recognized as appropriate options for industrial use due to their affordability, stability, 

and excellent catalysis [77] for various applications as depicted in the figure 4.1. 

Integrating TMs as dopant in ceria crystal lattices improves oxygen vacancy mobility, 

redox performance, specific surface area, lattice defects, and synergistic effects. 

Impurities in the ceria crystal lattice boost ionic mobility, leading to increased 

conductivity and ion release. CeO2 lattice mobility of ionic species varies based on 

dopant type, quantity, and concentration. Dopant ions can significantly increase the 

number of ionic compounds in a lattice, leading to increased electro-oxidation of 

redox species characteristics. [180, 181]. Noble metals like Ag and Au have been 

loaded onto CeO2, in addition to doping, and found to improve its catalytic 

performance [53]. According to Ma et al. [182], Ag-modified CeO2 enhances visible 

light absorption and is a promising approach for developing photo catalysts that react 

with visible light. Haghighatzadeh et al. [183] identified that Ag-doped CeO2 possess 

the potential for nonlinear optical materials. 

 

Figure 4.1: Pictorial representation of various possible applications of the Ag-

doped CeO2 nanoparticles  
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 In the chapter, silver has been chosen as a suitable dopant to the CeO2 because 

of the following reasons. First, it is anticipated that the conductivity and the transport 

ionic kinetics of the electrode material will be enhanced by the addition of high-

quality conductive material to the low-dimensional form of metal oxide. Second, 

because of its several oxidation states (Ag+, Ag2+, Ag3+) and exceptional electrical 

conductivity, silver and its oxides are becoming more fascinating materials [184]. The 

addition of Ag nanoparticles in CeO2 considerably improves their performance in 

supercapacitor applications. Research suggests that Ag-doped CeO2 has outstanding 

electrochemical characteristics, making it a suitable contender for energy storage 

devices. The structural integrity of Ag-doped CeO2 is preserved, with Ag nano-

clusters improving the structure and lowering charge transfer resistance. 

 
 Recent studies have demonstrated how incorporation of Ag to metal oxides 

can improve their electrochemical as well luminescence properties. G. Murugadoss et 

al. [77] reported that at constant current densities of 3 A/g, Ag doped CeO2 

nanoparticles assisted in reaching the high specific capacitance (Csp) of 456 F/g. 

Vanitha et al. [75] found that Ag nano-crystal-incorporated CeO2/Grapheme 

nanocomposites had the maximum capacitance of 710 F/g at 0.2 A/g.  

 
 This manuscript presents a simple co-precipitation method to study structural, 

optical, electronic structure characteristics and electrochemical behavior of Ag doped 

CeO2 nanoparticles. Such investigation rules out how the Ag-doping concentration 

affects the various properties of host material. X-ray diffraction (XRD), UV-visible 

absorption and photoluminescence spectroscopy were used to study the crystal 

structure and optical characteristics.  The optical properties evaluate its applicability 

for light emitting diodes in industrial and commercial purpose. The XPS measurement 

undertaken to study the electronic structure property explains the valence state of Ce, 

O and Ag as well as the oxygen vacancies and related defects. Electrochemical 

characteristics were assessed using cyclic voltammetry (CV) and impedance 

spectroscopy. We used co-precipitation to synthesize ceria nanoparticles, which is 

simple, eco-friendly, low-cost, and easy to process. Further, the electrochemical 

analysis of the prepared samples reveals the variation in the CSP with fluency of Ag 

dopant ions. The exploration of Ag-doped CeO2 nanoparticles-based electrodes could 

lead to the development of industrial electrodes that can accommodate different 

capacitance requirements for a range of energy storage uses. 
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4.2. Experimental details 
4.2.1. Method of preparation 

 All the chemicals were acquired from Alpha Aeser, including ammonia 

(NH4OH), silver nitrate (AgNO3) with 99% purity, and cerium (IV) nitrate 

hexahydrate (NH4)2Ce(NO3)6 with 99.9% purity. Using the coprecipitation process, 

undoped CeO2and Ce1-xAgxO2 (x = 0.00, 0.03, 0.05, and 0.07) [CAO3, CAO5, CAO7] 

nanoparticles were produced using stoichiometrically calculated ratio of the chemicals 

indicated above. AgNO3 with different concentration of x dissolved in distilled water 

of 100 ml, for each solution. Further, using NH4OH as the reducing agent the pH of 

every solution was brought to 10. These mixtures were agitated for 4 hours at 50°C 

using a magnetic stirrer. Further, after drying each sample in an oven for 12 hours at 

90°C, the dried samples were annealed for 5 hours at 500°C in an electric furnace to 

produce pale yellow powdered undoped and Ag-doped CeO2 (CAO) nanoparticles. 

 
4.2.2. Nanoparticles characterization 

 The diffraction patterns were taken using BrukerD8 Advance X-Ray 

Diffractometer to analyse the crystal structures of the as-synthesised samples. Cu Kα 

radiation (𝜆𝜆 = 1.5406 Å) was used for XRD measurements in the 2θ range of 20° ≤ 2θ 

≤ 90°. The optical absorption spectra in the wavelength range 200–800 nm was 

obtained using a Shimadzu UV-3600 Plus spectrophotometer. The PL spectra were 

carried out in the wavelength range 350–580 nm with an exciting wavelength of 325 

nm on spectro-fluoromax of HORIBA. Thermo-scientific made Model No. NEXSA 

surface analysis was used for the XPS measurement using 400µm micro-focused X-

ray with a monochromatic Al-Kα source [Energy = 1486.6 eV] with 20 eV pass 

energy. The XPS spectra were calibrated to the binding energy of the C 1s core line 

(hv = 284.6 eV), where the experimental chamber was set at a base pressure of better 

than 10-9torr. The prepared undoped CeO2 and CAO nanoparticles were also 

electrochemically analyzed using a three-electrode setup and an electrochemical 

analyzer/galvanostat (PGSTAT302). Using activated carbon and PVFA, the working 

electrodes were made from CeO2and CAO samples at various concentration of Ag. 

All electrochemical measurement was carried out in an electrolyte that contained 2 M 

KOH, where the Pt wire and an Ag/AgCl electrode were considered as the reference 

and counter electrodes, respectively. The cyclic voltammetry (CV) measurements 

were made in the potential range of -0.5 to 0.8V, scanning at a rate of 10–160 mV/s. 
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Studies on galvanostatic charge-discharge (GCD) was conducted at different current 

densities ranging from 0.6 A/g to 5 A/g, within a potential range of -0.5 to 0.8V. 

 
4.3. Result and discussions 
4.3.1. Surface characterization of nanoparticles 

 To determine the structural parameters of the synthesized nanoparticles, an 

XRD pattern in the 20–90° range was obtained, which validated the FCC structure of 

CeO2 in each sample as evidenced by JCPDS Files (81- 0792) [185] and illustrated in 

figure 4.2. The absence of the diffraction peak related to the dopant (like Ag2O) 

indicated that the Ag had been successfully doped into the CeO2 lattice. In both 

undoped and Ag-doped CeO2, no additional peaks are observed, showing the 

exceptional purity of the synthesised samples. According to figure 4.2, strong 

diffraction peaks showed the well-crystalline nature of CAO nanoparticles. Using 

Scherer formula [186], the average crystallite size of CAO nanoparticles is 

determined. The crystallite size variation with Ag doping is shown in Table 4.1.  

 

 
Figure 4.2: The XRD pattern of undoped CeO2 and CAO nanoparticles samples 

 
 The crystallite sizes of the nanoparticles are reduced for CAO nanoparticles; 

this could be due to varying metal dopant' ionic radii of Ce3+ (1.02 Å) and Ag+ (1.015 

Å) [77]. A primary factor in the lattice distortion is the concentration of Ce4+ ions, 

which falls with increase in Ce3+ ions as the foreign metal ions are incorporated in the 

CeO2 lattice. A reduction in crystallite size with doping signifies a suppression of 
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crystal growth formation. The grain boundary in CeO2 consists of these non-

stoichiometrically oxygen defects and Ce3+ ions. Noticeably, the maximum crystallite 

size among the doped samples is obtained for CAO5 sample. This is because some Ag 

ions will replace Ce4+/Ce3+ions and some will remain on the surface if the Ag 

concentration is raised above x = 0.05. Through this process, excess dopant ions are 

removed from the internal surface of the nanoparticles, preventing them from 

growing, and the nanoparticles only absorb the quantity of dopant ions that are 

permitted by thermodynamics. Consequently, Ag ions aggregate near the surface of 

the CeO2 crystal lattice. Therefore, the optimal doping concentration in this instance 

would be x = 0.05. 

 

 
Figure 4.3: Rietveld refined fitted curve of undoped CeO2 and CAO 

nanoparticles samples at 300 K. Solid, dot-filled lines depict the observed 

(calculated) profiles. Bragg reflections are indicated by the brief vertical marks. 

The difference plot is shown on the lower curve 
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 An important feature that contributes significantly to the XRD peak's 

broadening is the strain [50]. The value of strain for all the prepared samples 

determined using Scherer’s formula is provided in Table 4.1. As we can see from 

Table 4.1, the lattice strain increases as the Ag content increases. In undoped CeO2, 

oxygen defects and Ce3+ are the primary causes of the lattice strain. In addition to 

grain boundary defects, the replacement of slightly bigger Ag+ (1.15 Å) ions on Ce4+ 

(0.97 Å) results in high magnitude of lattice strain in the CAO samples. To maintain 

charge neutrality, Ag doping creates oxygen vacancies in the lattice due to a 

discrepancy in the radii of the two ions. The increased value of strain in the CAO 

samples is also ascribed to these oxygen vacancies in the lattice sites [124]. The 

FULLPROF program has been used to do the Riveted refinement of the diffraction 

peaks. The prepared undoped CeO2 and CAO nanoparticles' Rietveld fits of the 

experimental XRD pattern are shown in figure 4.3. Table 4.1 contains the relevant 

lattice parameters, goodness of fit (χ2), Rp, Rwp, Rexp, RBragg, and cell density. The 

values of χ2 suggest that there is a satisfactory match between the XRD patterns 

obtained by Rietveld and experimentally assessed. 

 

 
Figure 4.4: W-H plot to calculate the crystallite size and strain of undoped CeO2 

and CAO nanoparticles samples 
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 Another approach for determining the crystallite size and lattice strain is 

Williamson-Hall (W-H) [61] plot. The W-H plot for the undoped CeO2and CAO 

nanoparticles is depicted in figure 4.4. The obtained results using this method are also 

provided in Table 4.1, which correspond favorably with the outcomes of Scherer's 

equation. 

 
Table 4.1: Various structural parameters determined by using Scherer’s equation 

and W-H plot and Rietveld analysis 

Samples Undoped 
CeO2 

CAO3 CAO5 CAO7 

Crystallite 
Size(nm) 

Scherer 
equation 

13.00 9.33 9.68 9.56 

W-H plot 16.56 10.52 11.30 10.91 

Micro 
strain 
ϵ х10-4 

Scherer 
equation 

26.19 37.54 35.93 36.92 

W-H plot 10.7 9.38 10.7 9.29 

Lattice parameter (Å) 5.4145 5.4105 5.4111 5.4115 

Volume (Å)3 158.73 158.38 158.50 158.47 

Rp, Rwp, Rexp, χ2 8.88,8.82,8.0
9, 1.19 

16.9,19.2, 
18.9, 1.027 

17.5, 20.0, 
19.2, 1.082 

17.4,19.5, 
15.61, 15.67 

 
4.3.2  Absorption spectra 

 The absorption spectra of all CAO nanoparticles in the wavelength range 200 

nm to 800 nm are depicted in figure 4.5(a). According to this figure, all CAO samples 

exhibit their absorption peak below 400 nm and the optical band gap (Eg) of these 

prepared samples is determined using Tauc’s relation [187]. Figure 4.5(b) is the plot 

between (αhν)2 versus photon energy hν and the extrapolation of the linear curve is 

used to determine the Eg. Table 4.2 lists the calculated Eg values for all CAO samples. 

Table 4.2 shows how doping with Ag causes the Eg values to gradually decline. One 

possible explanation for the decrease in Eg could be the impurity defect level brought 

about by the doping of metals ions [136]. More number of photons in the higher 

wavelength range will be absorbed when metal ions such as Ag are doped in CeO2.  
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Figure 4.5: (a) The absorption spectra and (b) Tauc’s plot of undoped CeO2 and 

CAO nanoparticles samples 

 
 This will result in an extension of the visible light's usefulness range, which 

enhances the optical properties of doped CeO2 nanoparticles significantly [77]. The 

reduction in Eg is also associated with increase in Ce3+ ion concentration due to 

doping of foreign Ag cations. The investigation reports that Ce3+ions present at grain 

boundaries results in a decrease in Eg and red shifting of the absorption edge in CeO2 

nanoparticles. The presence of Ce3+ and oxygen vacancies led to the formation of 

localized band gap states and the oxygen released during the reaction is required to 

maintain the charge equilibrium [188]. Higher doping concentrations of TMs ions in 

CeO2are observed to exhibit a similar red-shift. Consequently, the change of the two 

ionic states of the cerium ion and generation of defects level brought about by the 

doping of Ag ions result in the band gap narrowing of the synthesized CAO 

nanoparticles. The findings of the optical properties demonstrated how important it is 

for metal ions to be incorporated into the CeO2 lattice [53]. 

 
 Based on Urbach rule, optical absorption near the basic absorption edge in 

crystals with disturbed order regions is exponential in relation to the energy of the 

absorbed radiation. The band gap transition energy from the fundamental absorption 

edge to the tail states confined close to the absorption edge defines Urbach energy 

(EU). Defects in the crystal structure manifest these localized states [160]. Thus, EU 
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may be understood as a crystal lattice disorder parameter, measured by the inverse of 

the slope of the graphical representation of equation as per the ref. [189] (as shown in 

figure 4.6). 

 
 The calculated EU values are showing an increasing trend, starting at 0.2733 

eV for undoped CeO2 and going up to 0.5139 eV, 0.5579 and 0.5702 eV for CAO3, 

CAO5 and CAO7 respectively as shown in Table 4.2. The rise in the EU is well 

related with the rise in Ce3+ ions with increase in Ag content. The findings indicate 

that Ce3+ may have had an important role in the formation of oxygen vacancies or 

other defects that resulted in the crystalline lattice's disorderness. 

 

 
Figure 4.6: ln𝛼𝛼 vs. photon energy for undoped CeO2 and CAO nanoparticles samples 

 
Table 4.2: Various optical parameters for undoped CeO2 and CAO nanoparticles 

Samples Eg (eV) Eu (eV) n 

Undoped CeO2 3.33 0.2733 2.3134 

CAO3 3.10 0.5139 2.3706 

CAO5 3.02 0.5579 2.3917 

CAO7 2.98 0.5702 2.40284 
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 Refractive index (n) is another optical characteristic used in many different 

applications. Changes in the refractive index can result from modifications to the 

electronic band structure as the nanoparticles getting smaller. The value of n has been 

calculated using the formula as per the ref. [138] and tabulated in Table 4.2. A rise in 

the n value can be observed from Table 4.2 with rise in Ag content. A material's 

optical characteristics are altered by raising its refractive index since it changes the 

optical density. Applications ranging from optoelectronics devices to lens design can 

benefit from these modifications. 

 
 In addition to reducing the band-gap, defect states cause electrical transitions 

that are aided by phonons. Ag substitution in CeO2 results in lattice deformation and 

the reduction of Ce4+ to Ce3+ because of the different crystal radius and lower charge 

of Ag relative to Ce4+. This raises the concentration of oxygen vacancies, which 

significantly alters CeO2's band structure. These alterations result in the creation of 

localized states and the spatial distribution of band structure, which opens the door to 

the potential for various electronic transitions, which can be further detected by PL 

spectra. 

 
4.3.3. Photoluminescence (PL) Spectroscopy 

 Figure 4.7 displayed the PL characteristics of CAO nanoparticles with 

excitation wavelength of 325 nm. The PL emission spectrum has been measured 

between 360 and 580 nm. The prepared CAO nanoparticles exhibit UV emission 

below 400 nm, which arises from the interstitial oxygen and Ce defect locations 

[190]. UV emission is also associated to the recombination of charge carriers through 

the exciton-exciton collision phenomenon. There exists strong PL emission from 

violet to orange regions, although the blue- green region showed the strongest 

emission between 450-500 nm. In addition to the strong emission, a few shoulder 

peaks caused by surface-related defects can be seen in the blue region (~438 nm). The 

emission band peak at 438 nm is related by near-band exitonic recombination. The 

emission peak at 445–500 nm may be related to transitions from different defect 

levels to the O 2p band, according to Meng et al. [143]. The remaining peaks at 450, 

467, 481 and 492 nm are caused by dislocation or oxygen. Local oxygen vacancies 

defects, in which the oxygen vacancies leave four unbound electrons and weakly 

bonded Ce ion electrons in the unit cell, are responsible for the green emission 
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detected in the 500–560 nm range. The donor energy range produced by these 

electrons is close to and below CB [147]. The emission peaks of undoped CeO2 and 

CAO nanoparticles are nearly similar. Crystal structural disorder is the cause of the 

weak spectra at the orange region (573 nm). Ag dopant ions have thus caused a 

notable alteration in the visible emission band, confirming that additional defects are 

created by the Ag ions. 

 

 
Figure 4.7: The PL spectra of undoped CeO2 and CAO nanoparticles samples at 

exciting wavelength of 325 nm 

 
 Thus, it is evident by PL spectra that these defects could be the cause of the 

development of several states inside the band-gap, which would lead to various non-

radiative decay processes, which appear to intensify as substitution occurs, suggesting 

that Ag ions play a significant role in the substituted lattice, which raises the 

population of oxygen vacancies and causes the Ce4+Ce3+conversion [191]. 

Furthermore, multi-phonon processes are generated by structural distortion and strain 

in the lattice, as confirmed by the XRD analysis. This lowers the band gap by 

reflecting in the structure properties. 

 
 It is shown that both undoped CeO2 and CAO samples exhibit band-to-band 

excitation peaks in the 360–580 nm wavelength range considering that undoped and 

Ag-doped samples do not significantly differ. The excitation peaks can all be related 
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to the oxygen vacancies as they are all located within this energy range. The 

occurrence of these excitation peaks indicates the different defects levels of oxygen 

vacancies in the CeO2 nanoparticles. Therefore, the presence of oxygen vacancies and 

defects are clearly visible in the PL spectra. The relationship between PL and 

electrochemical characteristics in CeO2 nanoparticles is heavily influenced by 

structural defects, particularly oxygen vacancies, and the synthesis methods used. 

This correlation is critical for optimizing their use in photo-catalysis and energy 

storage. 

 
 The PL visible light emission spectra have been investigated using the CIE 

1931 chromaticity coordinates to determine colour coordinates [89]. The CIE 1931 

chromaticity diagram is displayed in X–Y space in figure 4.8. The points on the 

horseshoe diagram represent the colour emitted by the undoped CeO2 and CAO 

nanoparticles. It is evident that the point colours are not found at the CIE chromaticity 

diagram's boundaries, indicating that the light being emitted is not pure but rather a 

mixture of hues. These colour coordinates of the undoped CeO2 and CAO 

nanoparticles, respectively, X, Y = "0.36, 0.40", "0.36, 0.37", "0.37, 0.38"and "0.37, 

0.38" with a little shift with Ag dopant concentration increases. These coordinates 

correspond to white colour, which is the combination of red, blue, and green colour 

produced by the dopant ions activated the white luminescence [147]. The good 

performance of the prepared samples is a crucial component of a high-quality white 

light-emitting diode (LED). There are following parameters that describe the quality 

of the illumination sources: Correlated Colour Temperature (CCT), CIE colour-

rendering index (CRI), dominant wavelength (λd) and purity. CCT value is derived 

using CIE coordinates to determine technological applicability. Lamps with a CCT 

rating < 3200 K are regarded as "warm," while lamps with a CCT rating > 4000 K as 

"cool” [39]. The CCT coordinates for CAO nanoparticles are determined to be above 

4000 K, as shown in Table 4.1. As a result, the prepared samples are beneficial for 

cool appearance. 

 
 However, it is difficult to design white LEDs with CCT tuneable consist of 

high CRI values [192]. For the prepared nanoparticles, the CRI values are above 90 as 

shown in Table 4.3. Therefore, these samples are beneficial especially for widespread 

use in indoor illumination applications with cool enough CCT of about 4000 K and a 
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high enough CRI of about 90. The wavelength of light that is most frequently emitted 

is known as the dominant wavelength (λd). A mixture of white light with saturated 

light of a specific dominant might be thought of as the CIE (x, y) coordinates of a 

light source. The calculated values of λd are provided in Table 4.3. 

 
Table 4.3: The CIE colour parameters x, y, 𝜆𝜆d, colour purity, CRI and CCT values 

for undoped CeO2 and CAO nanoparticles 

Samples x y CCT (K) λd (nm) Purity CRI 

Undoped CeO2 0.3644 0.4079 4611 568.1 31.8 84 

CAO3 0.3608 0.3738 4556 573.4 20.8 94 

CAO5 0.3758 0.3796 4148 577.0 26.7 95 

CAO7 0.3725 0.3857 4279 574.5 27.6 93 

 

 
Figure 4.8: The CIE plot of undoped CeO2 and CAO nanoparticles samples 

 
 The numerical measurement of saturation of colour is the excitation purity. 

More intense or pure colours of the λd observed, the higher the excitation purity. The 

calculated value of excitation purity is tabulated in Table 4.3. Table 4.3 demonstrates 
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that the CAO nanoparticles samples have estimated purity values below 50%, 

indicating that the colour saturation of these samples is not much high [151]. As 

revealed by our XRD measurement, the crystallize size of CeO2 nanoparticles reduced 

upon Ag doping which enhance surface to volume ratio, and therefore increases 

number of surface states and surface ions. Additionally, as particle size is reduced, the 

electron and hole wave functions overlap, potentially increasing the probability of 

their recombination. When electron-hole pairs form inside of Nanoparticles and are 

close to one another, recombination is more likely to occur and luminescence 

efficiency can be increased [89]. 

 
4.3.4 X-Ray Photoelectron Spectroscopy (XPS) Measurement 

4.3.4.1 XPS spectra of Ce 3d 

 
Figure 4.9: Ce 3d spectrum of undoped CeO2 and CAO nanoparticles samples 
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 Using the XPS survey spectra for undoped CeO2and CAO nanoparticles 

respectively, the existence of Ce, O and Ag on the surface has been depicted. Figure 

4.9 displays the Ce3d core level XPS spectra of undoped CeO2and CAO nanoparticles 

samples. In order to correct all BE for the charge shift, the C 1s peak (binding energy 

(BE) = 284.6 eV) has been used as a reference point [153, 155], To correct all BE for 

the charge shift, the C 1s peak (binding energy (BE = 284.6 eV) has been used as a 

reference point. Gaussian fitting has been used to deconvolute Ce 3d core level 

spectra in the BE range 876-922 eV, as shown in figure 4.9. The spin-orbit split of 

3d3/2 and 3d5/2 is represented by multiple doublets (u and v) in the Ce 3d spectrum. 

The Gaussian function fit of the Ce3d spectrum indicated the presence of Ce3+ and 

Ce4+. According to figure 4.10, the peaks designated vo, v′, uo, and u′ suggest the 

existence of Ce3+ states, whereas the peaks named v, v″, v‴, u, u″, and u‴ indicate the 

presence of Ce4+states. The BE peak positions for "u" and "v" for the undoped CeO2 

and CAO nanoparticles samples are listed in Table 4.4. 

 
 Using the following formula as per the ref. [53], the relative concentration of 

Ce3+ in each of the synthesized samples has been determined. As Table 4.4 indicates 

that as the Ag cations are doped in CeO2, the Ce3+/Ce4+ ratio rises. It reached its 

maximum for CAO5 sample (Ce3+/Ce4+ = 0.81) because the concentration of Ce3+ and 

the oxygen vacancies formation energy increased when Ag ions took the position of 

Ce3+ in the CeO2 lattice. On the other hand, for CAO7 sample, the Ce3+/Ce4+ ratio 

slightly dropped. Due to the interaction between Ag and CeO2, it is assumed that the 

Ag particles that did not replace Ce in the CeO2 lattice may have changed Ce3+ into 

Ce4[193]. 
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Table-4.4: Binding energies (eV) of various GL30 components of Ce 3d XPS spectra of undoped CeO2 and CAO nanoparticles 

Samples 3d5/2 [in eV] 3d3/2 [in eV] Ce3+ 

(%) 
Ce4+ 

(%) 
𝑪𝑪𝑪𝑪𝟑𝟑+

𝑪𝑪𝑪𝑪𝟒𝟒+ 

vo V v’ v” v”’ uo u u’ u’’ u’’’ 

Undoped CeO2 881.96 884.25 886.53 889.03 897.47 898.20 900.33 902.54 907.11 916.42 40.60 59.39 0.68 

CAO3 881.47 882.48 884.71 888.20 897.21 897.81 900.05 902.03 906.68 915.82 34.44 65.55 0.72 

CAO5 881.60 882.20 884.66 888.30 897.26 897.82 900.18 902.17 906.76 915.96 38.05 61.94 0.81 

CAO7 881.59 882.03 884.64 888.29 897.33 897.88 900.18 902.17 906.76 915.97 34.17 65.82 0.71 



Chapter-4: Study of Ag-Doped CeO2 Nanoparticles 
 

106 

4.3.4.2 XPS spectra of O1s 

 The O 1s spectra of the undoped CeO2 and CAO nanoparticles samples are 

shown in figure 4.10. The deconvoluted three-peak asymmetrical O 1s core level 

spectrum in BE range is used to calculate the concentration of O2- ions in all samples. 

The O 1s spectra consist of three major peaks at 528, 529 and 531 eV. The Lattice 

oxygen (OL) is responsible for the peak at 528 eV, while oxygen vacancy is 

responsible for the peak around 529 eV. Defect oxides or surface hydroxyl groups 

could be the cause of the third peak at 531 eV [158, 194]. The concentration of OL 

and Ov can be obtained through the quantification of O 1s spectra, are shown in Table 

V, indicating that Ag doping will result in an increase in oxygen vacancies content. 

The increase in oxygen vacancies and Ce3+ are further confirmed by XPS analysis. 

 

 
Figure 4.10: O 1s spectra of undoped CeO2and CAO nanoparticles samples 

  
 XPS analysis further validated the improved Ag-CeO2 interaction (Table 4.5). 

Because Ag doping in CeO2 lattice enhanced oxygen vacancies formation, the 

Ce3+/Ce4+ ratio increases when Ag concentration is doped in small amount. The 
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maximum concentration of Vo has been obtained for CAO5 sample.  Conversely, 

when Ag is added in excess (in case of CAO7), the Ce3+/Ce4+ ratio along with oxygen 

vacancies concentration dropped. Therefore, it could be crucial to ascertain whether 

Ag has replaced Ce3+ in the CeO2 lattice in terms of the Ce3+/Ce4+ ratio, which results 

an optimal concentration of Ag that enhanced the Ce3+/Ce4+ ratio and the oxygen 

vacancies ratio. 

 
Table 4.5: Binding energies (eV) of various GL30 components of O 1s XPS 

spectra of undoped CeO2 and CAO nanoparticles samples 

 

4.3.4.3. XPS spectra of Ag 3p and 3d 

 
Figure 4.11: XPS binding energy peak position of Ag 3p of CAO nanoparticles 

samples 

Samples OL [eV] OV [eV] OC [eV] % OL % OV 

Undoped CeO2 528.69 529.35 530.63 44.81 55.19 

CAO3 528.56 528.99 531.16 42.84 57.15 

CAO5 528.67 529.12 531.47 40.56 59.43 

CAO7 528.61 529.06 531.10 42.29 57.70 
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 The XPS spectra of Ag 3p and 3d profile for all CAO nanoparticles is shown 

by figure 4.11 and figure 4.12 respectively. Figure 4.11 reveals the two Ag 3p3/2 and 

3p1/2 state, located at ⁓572.52 eV and ⁓ 603.83 eV respectively, whereas figure 4.12 

represents Ag 3d5/2 and 3d3/2 state positioned at ⁓367.7 eV and ⁓ 373.7 eV 

respectively. Both the figures suggest the monovalent state of Ag, which agrees well 

with previously reported papers [195]. 

 

 
Figure 4.12: XPS binding energy peak position of Ag 3d of CAO nanoparticles 

samples 

 
4.3.5  Electrochemical properties 

 The prepared undoped CeO2 and CAO nanoparticles are subjected to cyclic 

voltammetry (CV), galvanic charged-discharge (GCD), and electrochemical 

impedance spectroscopy (EIS), analysis to investigate its electrochemical behavior. 

CV and GCD analysis are performed in 2 M KOH within the potential window of 1.3 

V and different current density to assess the capacity of the constructed electrode. 
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Figure 4.13(a) displays the CV measurements of the prepared electrodes at the 

potential window of 1.3 V. The CV curve of the CAO5 sample at different scan rates 

ranging from 10-160 mV/s is shown in figure 4.13(b). This interval yields the best 

performances of the nanoparticles because it has a higher occupied surface area than 

other potentials [77]. Undoped CeO2 and CAO nanoparticles exhibit a rectangular 

curve as shown in figure 4.13(a). It is significant to note that the rectangular shape 

characteristic of the CV curves demonstrates the electrodes' excellent pseudo-

capacitive function [196]. It has been noted that at a scan rate of 10 mV/s, all 

electrodes show the highest CSP value, which decreases as the scan rate increases to 

160 mV/s. Figure 4.13(a) shows that, in comparison to the other electrodes, the CAO5 

electrode has the largest area under the curve, indicating the strongest capacitive 

reaction. The following relation is used to determine the CSP values [99]. 

 𝑪𝑪𝑺𝑺𝑺𝑺 =  𝟏𝟏
𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 ∫ 𝑰𝑰(𝒗𝒗)𝒅𝒅𝒅𝒅𝒗𝒗+

𝒗𝒗−  (4.1) 

 
 In this relation, m (g) stands for mass of the active material, k (V/s) for scan 

rate, and I (A) for discharge current. Utilizing the CV curve at a scan rate of 10 mV/s, 

the values of Csp of undoped CeO2, CAO3, CAO5 and CAO7 electrodes are 120.68 

F/g, 185.56 F/g, 363.44 F/g and 247.44 F/g, respectively. 

 



Chapter-4: Study of Ag-Doped CeO2 Nanoparticles 
 

110 

 

 
Figure 4.13: (a) CV curves of undoped CeO2 and CAO nanoparticles samples 

with a scan rate of 10 mV/s in 2 M KOH, (b) CV curves at of CAO5 

nanoparticles sample at various scan rates (10, 40, 80, 120 and 160 mV/s) and (c) 

Csp variation for CAO5 nanoparticles sample at varying scan rates 

 
 The CV curves of CAO nanoparticles exhibit significantly higher capacitance 

in compared to undoped CeO2. It is to be noted that CAO5 based electrode exhibiting 

the better performance among the other CAO based electrodes. The CSP variation with 

scan rate of CAO5 sample is shown in figure 4.13(c). Furthermore, it is also 

discovered that increase in scan rate from 10 mV/s to 160 mV/s leads to fall in CSP of 

the CAO5 electrode (figure 4.13(c)) from 363.44 F/g to 44.56 F/g. The combined 

effects of Ag and small-size CeO2 nanostructures are responsible for the 

electrochemical richness of CAO5. Introducing Ag into a small-size CeO2 

nanostructure improves the material's electronic conductivity and produces effective 

surface kinetics [197, 198]. Therefore, Ag-doped CeO2 nanoparticles results in 

improved electronic conductivity and effective surface dynamics. 
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 Galvanostatic charge-discharge (GCD) study is used to analysis the extent of 

discharge capacitance using potential window of 1.3 V to determine the beneficial 

electrochemical activity of the prepared electrode [174]. Using this method, slow-

charge and fast-discharge experiments are performed in 2 M KOH at different current 

densities ranging from 0.6 to 5 A/g (0.6, 0.8, 1, 2, 3 and 5 A/g). To characterize the 

electrochemical (EC) behavior of the prepared electrodes, the GCD performance of 

undoped CeO2 and CAO nanoparticles as electrodes is measured at different current 

density from 0.6 to 5 A/g. Figure 4.14(a) shows the GCD curves of undoped CeO2 

and CAO nanoparticles electrodes at current density 0.6 A/g and the GCD curve of 

CAO5 nanoparticles electrode at different current density ranging from 0.6 to 5 A/g is 

shown in figure 4.14(b). 

 

 
Figure 4.14: (a) GCD curve for undoped and CAO nanoparticles samples at 

current density of 0.6 A/g and (b) GCD curves of CAO5 nanoparticles sample at 

various current density 

 
 The pseudo-capacitive behavior of the undoped CeO2and CAO electrode 

resulted in symmetric non-triangular morphologies in the GCD curves, which 

displayed the plateau at a similar voltage seen in the CV curves [198].  The Csp has 

been determined using [100]: 

 𝑪𝑪𝒔𝒔𝒔𝒔 =  𝑰𝑰∆𝒕𝒕
𝒎𝒎∆𝒗𝒗

    (4.2) 

 
Where, all the parameters are discussed above except ∆𝑡𝑡 which is the discharging 

time (s). The Csp values at current density 0.6 A/g of the undoped CeO2, CAO3, 

CAO5 and CAO7 samples are 105.92, 250.52, 353.92 and 336.72 F/g respectively.  
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 It is to be noticed that specific capacitance rises together with the Ag 

concentration (x = 0.05) as in CAO5, as figure 4.14(a) illustrates the sample with the 

highest. Csp of 353.92 F/g at current density of 0.6 A/g is CAO5.  On the other hand, 

when the Ag content is too high, as in CAO7, the structural breakdown and self-

aggregation ions cause the Csp to drop. Higher solution resistance (Rs) caused by 

excessive self-aggregation of Ag can lower the capacitance output. 

 
 The EIS analysis is a principal approach utilized to investigate the basic 

characteristics of electrode materials used in supercapacitor [199]. The Nyquist plot of 

all the prepared samples is shown in figure 4.15, which displays nearly identical 

profiles. Interestingly, there are two distinct zones in the Nyquist plot.  

 

 
Figure 4.15: Nyquist plot of undoped CeO2 and CAO nanoparticles samples along 

with an equivalent circuit 

 
 The Nyquist plots in figure 4.15 includes Rs (electrolyte resistance), Rct 

(charge-transfer resistance), W (Warburg component), and CP (specific capacitance).  

The Rs signify the resistance between the electrolyte, electrode, and current collector. 

The charge transfer resistance (Rct) is responsible for the semi-circle in the high 

frequency areas, whereas EDLC is responsible for the straight in the low frequency 

regions. The Rct and solution (electrolyte) resistance (Rs) of electrochemical reactions 

are calculated using the first and second intercepts with the actual impedance axis (x 
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axis) [200]. The calculated value of Rct for the undoped CeO2 and CAO samples are 

11.18, 11.27, 7.80 and 10.69 & respectively. Such resultssuggest that Rct value is 

found to decrease with increasing Ag+ cation doping, indicating that the inclusion of 

Ag+ cation in CeO2 electrodes improves charge transfer capability. These results 

reflects that the Rct of CAO5 electrode is lower than that of other samples for CAO 

electrodes, which could be explained by the structure enabling effective access of 

electrolyte ions to the CeO2 and Ag surfaces. The lower Rct values of the material 

further suggested that it had less resistance and helped to maintain exceptional 

stability throughout the electrochemical measurement. Therefore, the lower Rct of 

CAO electrode is crucial to their usability in supercapacitor [77]. The charge-

discharge measurement can be further used to calculate the specific electrical energy 

density (E) stored in an ideal symmetric EDLC and the specific power density (P) 

using the following equation [101, 201]. 

 𝑬𝑬 =  𝟏𝟏
𝟐𝟐
𝑪𝑪𝑽𝑽𝒎𝒎𝒎𝒎𝒎𝒎𝟐𝟐    (4.3) 

 𝒑𝒑 =  𝑬𝑬
∆𝒕𝒕   

   (4.4) 

 
Where, all the parameters are having their usual meanings. The values obtained from 

various cells are given in terms of P and E with the unit of (KW/kg) and (Wh/kg), 

respectively. 

 

 
Figure 4.16: (a) Variation of Csp with different current density for CAO5 

nanoparticles, (b) Ragone plot (energy density verses power density) of 

corresponding nanoparticles 

 
 Since E is directly proportional to the capacitance and the square of the 

maximum potential. Therefore, a rise in capacitance can directly result in a rise in 
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energy density of the supercapacitor. The power density of supercapacitor is 

determined by energy per unit of time. An increase in the electrode's surface area can 

also aid in achieving capacitance, which increases energy density. The plot between E 

and P also known as the Ragone plot depict the characteristics of supercapacitor. 

Figure 4.16(a) represents the CSP variation with different current density and figure 

4.16(b) represents the E verses P curve for all the prepared samples. At a current 

density of 0.6 A/g, the CAO5 sample exhibit E=125.08 Wh/kg and P = of 652.48 

W/kg. Consequently, all of the samples perform quite well overall, with the CAO5 

showing maximum E and P than the other samples. With a high conducting Ag 

doping into CeO2 nanostructure, the maximum energy density of the CeO2-based 

nanostructure electrode in the present study is achieved. Supercapacitor performance 

is enhanced by the Ag doping concentration since it raises electronic conductivity as 

much as possible [202]. 

 
 The cycling efficiency of CAO5 samples is displayed in figure 4.17 for 2100 

cycles at current density of 1 A/g. Even yet, CSP exhibits a little fall of 6. 09 %after 

2100 cycles, suggesting that there has not been a significant decline. Because of the 

surface and interfacial characteristics, the structural properties of nanoparticles 

enhanced the CSP and cyclic stability for supercapacitor application.  

 

 
Figure 4.17:  Cyclic performance of CAO5 electrode for 2100 cycles at current 

density of 1 A/g 
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 The presence of oxygen vacancies and defects as detected by our UV and PL 

measurement could alter the surface's chemical composition. The increase in the 

oxygen vacancies has been confirmed by our XPS analysis. Oxygen defect sites which 

provide big reaction sites and rapid ion intercalation, improve electrical conductivity. 

The generation of oxygen vacancies can promote the diffusion of charge carriers and 

enhance the amount of electro-active surface area that is in contact with the 

electrolyte. Therefore, oxygen vacancies are responsible for the electrochemically 

active sites to be created. The enhanced EC performance of CAO nanoparticles results 

from the beneficial interaction between Ag and CeO2, which additionally improves 

the electrical conductivity. The exceptional performance of CAO5 is intended to be 

used for the formation of the energy storage devices. After the overall analysis, the 

maximum capacitance of was found 363.44 F/g at scan rate of 10 mV/s. This 

appropriate design may become the high-performance electrodes used in 

supercapacitor applications.  

 
 Silver doping improves the electrochemical performance of CeO₂ 

nanoparticles, making them appropriate for energy storage, catalysis, and sensing 

applications. The Ce³⁺/Ce⁴⁺ reversible redox pair is responsible for the increased redox 

peaks observed during cyclic voltammetry (CV). Ag facilitates the Ce⁴⁺ → Ce³⁺ redox 

transition, improving oxygen storage and release properties in catalysts and fuel cells. 

The EIS measurement shows reduced charge transfer resistance (Rct) in Ag-doped 

CeO₂ and increase ion diffusion and surface reactivity. Doping with Ag enhances 

CeO₂ nanoparticles' electrochemical activity by improving redox behavior, charge 

transfer, and conductivity. Ag-CeO₂ exhibits intriguing features for fuel cells, 

electrochemical sensors, supercapacitor, and catalysis. 

 
4.4. Conclusion 
 The co-precipitation method found to be an efficient in synthesizing the Ag-

doped CeO2 nanoparticles. The prepared samples have a cubic CeO2-type crystal 

structure in space group Fm-3m and are phase-pure. The Rietveld method yielded an 

average crystallite size estimate of 9-13 nm. Owing to a substantial charge transfer 

from O2- to Ce4+ ions, both undoped and CAO samples exhibit significant light 

absorption in the near-ultraviolet region and therefore may find application such as 

UV absorber. Due to the existence of defects states in the mid band gap, the effective 
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band gap of CAO nanoparticles has decreased and causes the red shift of the 

absorption peaks. Additionally, oxygen defects in the CeO2 nanoparticles are shown 

by PL spectra. Therefore, by introducing Ag dopant, the oxygen vacancies 

concentration in CeO2 can be raised.   

 
 The interplay between PL and electrochemical characteristics in CeO2 

nanoparticles is predominantly determined by structural defects, emphasizing the need 

of tailored techniques for specific applications. However, it is important to note that 

severe defects may result in non-radiative recombination, thereby affecting the PL and 

electrochemical responses. The CIE diagram of CAO samples indicates a white color 

emission, making CAO nanoparticles appropriate for use in white light applications. 

The comparatively high CRI values suggest that they are suitable to be used in white 

LED devices. Using XPS, it has been determined thatCe3+/Ce4+ratio has increased as 

the doping concentration has increased. But the concentration ratio has dropped on 

higher doping concentration. Based on the Ce 3d XPS profiles, the ratio 

Ce3+/Ce4+which indicates the amount of oxygen vacancies, showed a similar trend to 

electrochemical properties. It follows that using the optimum concentration of Ag is 

important as doping with excess concentration (more than 5%) reduces the number of 

oxygen vacancies and the performance of electrochemical characteristics. The highest 

specific capacitance of all the samples is 363.44 F/g for CAO5 sample. At a current 

density of 0.6 A/g, the maximum value of E and P of CAO5 sample are 125.08 Wh/kg 

and 652.48 W/kg, respectively. The low contact resistance and excellent electrical 

conductivity of CAO5 electrode combined with its high-rate performance made it 

very attractive for real-world applications. Additionally, it is discovered that CAO5 

electrode with 2100 cycle cyclic times exhibits a very slight 6.09% decline in super 

capacitance value. These results suggest that the CAO sample is a material that can be 

used in electrochemical supercapacitor applications. Therefore, this work offers up 

new possibilities for the development of supercapacitor electrode materials as well as 

other low-cost electrochemical energy storage devices. 
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Chapter-5 

Study of Structural, Optical, Electronic Structure and 

Magnetic Properties of Cd-Doped CeO2 Nanoparticles 

 
ABSTRACT 

 This study employs a novel co-precipitation approach to synthesize Cd-doped 

CeO2 nanoparticles and analyzes their structural, optical, electronic structure and 

magnetic properties. X-ray diffraction (XRD) and electron transmission microscopy 

(TEM) indicate cubic fcc structures and spherical symmetry with diameter ranging 6-

12 nm respectively. UV-Vis spectroscopy unveiled a red-shift in the absorption edge 

and lower band gap decreased from 3.39 eV to 2.98 eV with increasing Cd 

concentration, ranging from (x = 0.00 to 0.09), indicating increased visible light 

absorption. XPS measurements for core levels Ce 3d, O 1s, and Cd 3p and 3d 

provided additional evidence for the development of oxygen vacancies in the CeO2 

lattice. Furthermore, the XPS measurements revealed the valence states of elements 

such as Ce (3+ and 4+), Cd (2+), and O (2-), as well as charged oxygen vacancies. 

Magnetic experiments revealed improved characteristics in Cd doped CeO2, switching 

to RTFM behavior. Therefore, such findings revealing that Cd doping can customize 

CeO₂ nanoparticles for several applications, including optical and spintronics. 

 
5.1. Introduction 
 There is a high demand for novel technologies to prepare and measure the 

properties of nano-material-related devices. Nano-particles are just revolutionary in 

the development of new technologies in a variety of scientific and industrial sectors. 

Their distinct size-dependent property, including as high surface area, quantum 

effects, and improved reactivity, enable new functions that bulk materials cannot 

provide. If dilute magnetic semiconductors (DMS) are integrated into nanoparticles, it 

could combine the benefits of nano-scale materials with the spin-dependent features 

of magnetic dopants, resulting in multifunctional materials for next-generation 

electronics [203]. These materials are essential for spintronics, quantum devices, 

sophisticated sensors, and multifunctional nanocomposites, bridging the gap between 

traditional semiconductors and magnetic materials at the nano-scale [204, 205]. For 

successful spintronics applications, DMS materials require strong magnetization, 
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which is achieved by incorporating magnetic components into the semiconducting 

matrix. Over the years, DMS research has focused on semiconductors with wide band 

gap energy (Eg) such as zinc oxide, GaAs, TiO2, and CeO2. These materials exhibit 

ferromagnetism at room temperature (RTFM) when doped with some foreign impurity 

such transition metals [206]. Transition metal-doped semiconductors have gained 

popularity for their prospective applications, including UV detectors, LEDs, and 

highly sensitive chemical sensors [207-209]. In this context, Cerium Oxide (CeO2) 

nanoparticles have drawn a great attention owing to its unique properties making them 

important for promoting new technologies [210]. CeO2 nanoparticles have strong 

catalytic activity in chemical processes due to their high mobility and oxygen storage 

capacity, particularly with cerium, which can be easily switch from Ce4+  Ce3+ [105, 

211]. It is best source to noble metal catalysts used for eliminating exhaust gases [212, 

213]. CeO2 nanoparticles have numerous applications, including optoelectronics, solid 

oxide fuel cells, UV absorber [214, 215], oxygen gas sensors [216, 217], photo-

catalysis [218] and for anti-bacterial activity [ 219, 220] and as solid oxide fuel cell 

(SOFC) [221]. Various synthesis processes have been used to synthesize CeO2 

nanoparticles under controlled conditions. The chemical co-precipitation method is 

superior to other methods for the synthesis of large-surface metal oxides due to its 

improved homogeneity, regulated stoichiometry, high-purity powders, and lower 

temperature requirements [222]. Doping is a typical method for modifying material 

properties. More recently, studies have concentrated on improving the various 

properties of rare-earth metal oxide nanoparticles by adding dopant. To develop 

highly luminous nanoparticles, tiny amounts of transition metal elements can be 

injected as dopant. Transition metal ions, including Fe, Mn, Ti, Pd, and Co, have been 

found to enhance the optical property and photo-catalytic response of CeO2 

nanoparticles. Kumar et al. [223] developed a reusable and efficient Zr-doped CeO2 

catalyst with nanostructures. Saranya, et al. [224] discovered Co-doped ceria 

nanoparticles exhibited photo-catalytic activity under UV and visible light exposure. 

T. Shittu et al. [225] reported that doping of Nb improves CeO2 properties by 

narrowing the Eg and altering the electronic structure. XRD studies show the creation 

of additional Nb peaks at high doping. P. Rajkumar et al. [68] observed a significant 

shift toward longer wavelengths through UV-Vis absorption spectra show, particularly 

in the red region. Also, the controlled Pd doping has the potential to modify CeO2's 

optical properties, as seen by a significant decrease in Eg energy with increasing Pd 
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concentration. Alla et al. [226] demonstrated the ferromagnetism in Fe-doped CeO2 

nano-rods at ambient temperature, with the maximum saturation magnetization (Ms) 

of 0.80 Am−4/kg. Song et al. [227] observed RTFM when Y3+ and Co2+ ions were 

combined with CeO2 nanoparticles. CeO2 nanoparticles containing transition metal 

elements can exhibit good ferromagnetic activity at normal temperature, according to 

these edicts. CeO₂ nanoparticles doped with transition metals like Fe have shown 

improved ferromagnetic characteristics. Previous literature explained the origin of 

ferromagnetism using various models including F-centre exchange interaction, charge 

transfer mechanism, and bound magnetic polaron model [228, 61, 229, 130, 41, 230].  

 
 According to recent study, Cd-doped CeO₂ nanoparticles also exhibit the 

RTFM. This phenomenon is ascribed to the development of Ov and structural 

distortions caused by Cd⁺ ions substituting Ce⁴⁺ in the CeO₂ lattice [231]. Also, Cd 

doped CeO2 nanoparticles have unique properties that make them useful in a variety 

of sectors, including photo-catalysis and biological applications. The addition of Cd to 

CeO2 alters its various properties, making it a popular research interest. The optical 

Eg of Cd-doped CeO2 films varies from 3.23 to 3.52 eV, showing promise for photo-

catalytic use. These nanoparticles exhibit strong photo-catalytic activity, especially in 

the breakdown of contaminants such as Methyl Orange, demonstrating their 

efficiency in environmental remediation [232]. Doping with Cd can also reduce the 

valency state of Ce ions, favouring the formation of Ce3+ ions, which improves 

electronic conductivity and modifies the electronic band structure [233]. While Cd 

doping improves the characteristics of CeO2 nanoparticles, concern about more 

toxicity in biological systems persist, demanding additional study into safe uses. This 

chapter employed simple co-precipitation method to prepare Cd-doped CeO2 

nanoparticles. This is a simple method for synthesis of low-cost nanoparticles. XRD, 

TEM, UV-Vis spectroscopy, XPS and VSM were used to analyse Cd doped CeO2 in 

details. 

 

5.2.  Experimental details 
5.2.1. Method of preparation 

 Using Co-precipitation route of synthesis, undoped and Cd-doped CeO2 

(CCdO) nanoparticles were prepared with different concentration of Cd (x = 0.00 

0.03, 0.06 and 0.09). Alpha Aeser provided all the chemicals, including ammonia 
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(NH4OH), cadmium nitrate tetra-hydrate (CdNO3.4H2O) (99.99% purity), and cerium 

(IV) nitrate hexahydrate (NH4)2Ce(NO3)6 (99.9% purity). Ce1-xCdxO2 nanoparticles 

were synthesized with the stoichiometrically predicted ratio of the chemicals listed 

above. The experiment involves 100 mL of distilled water to dissolve (NH4)2Ce(NO3)6 

along with 50 mL of CdNO3.4H2O with varying x concentrations. Furthermore, using 

NH4OH as a precipitate agent, the pH of the solution was maintained to 10. 

Continuous stirring for 4 hours at 50°C with a magnetic stirrer regulates particle size 

and shape and guarantees even precipitate dispersion. Filtration was used to separate 

the precipitate that forms. After that, it is repeatedly cleaned with ethanol and distilled 

water to get rid of any remaining ions or contaminants. The cleaned precipitate is 

usually dried for 12 hours at a moderate temperature (90°C) in an oven. To produce 

yellow precipitate, the dry powder is annealed in a furnace for five hours at high 

temperatures (500°C).  

 
5.2.2. Nanoparticles characterization: 

 The Bruker D8 Advance X-Ray Diffractometer was used to analyze the crystal 

structures of the synthesized samples. Cu Kα radiation (𝜆𝜆 = 1.5406 Å) was used for 

XRD measurements in the 2θ range of 20° ≤ 2θ ≤ 90°. To measure TEM, samples 

were dispersed in ethanol using ultrasonic and 10 µl of the solution was manually 

dropped on a grid. The grids were then let to air dry. The grids from the prepared 

samples were imaged using an FEI Tecnai t20 TEM system at both low and high 

magnifications. The particle size and surface morphology of the prepared 

nanoparticles were determined using Image-J software. A Shimadzu UV-3600 Plus 

spectrophotometer was used to obtain optical absorption spectra in the wavelength 

range 200-800 nm. The XPS measurement was performed using Thermoscientific's 

Model No. NEXSA surface analysis. The experiment utilized a 400µm micro-focused 

X-ray with a monochromatic Al-Kα source, yielding energy of 1486.6 eV. The pass 

energy of 20 eV was calibrated to the binding energy of the C 1s line (hv = 284.6 eV) 

of adsorbed hydrocarbon on the sample surface, and the analysis chamber was set to 

10-9 Torr. In this study, magnetic measurements of materials were taken at room 

temperature with magnetic field range -0.5 T to +0.5 T using VSM-Lake shore, 

Model-7410 series 

  



Chapter-5: Study of Cd-Doped CeO2 Nanoparticles 
 

121 

5.3 Result and Discussion 
5.3.1 XRD 

 Figure 5.1 represents the XRD patterns of Cd doped CeO2 nanoparticles. The 

diffraction peaks of all the samples indicate a fcc structure, which matches data from 

JCPDS (81-0792). No impurity peaks are identified in any of the prepared 

nanoparticles [234]. The Cd-doped CeO2 nanoparticles show no extra impurity peaks, 

confirming their high purity and absence of the bulk transition metal phase [224]. 

Adding, Cd dopant to the CeO2 nanoparticles results in a slight broadening of the 

peak intensity. The inclusion of Cd reduces the maximum intensity of the peaks. Ce3+ 

ions have larger ionic radius (1.1 Å) than Cd ions (0.97 Å) [235].  
 

 
Figure 5.1: XRD pattern of CCdO nanoparticles samples 

 
 As doping levels increase, doping ions occupy intermediary sites. The 

crystallite size (D) of the nanoparticles is calculated from Scherer’s equation [236]. 

Table 5.1 demonstrates that the CCdO samples have a lower crystallite size value than 

the undoped CeO2. The smaller crystallite size in Cd-doped CeO2 nanoparticles can 

be due to some reason, the most important of which are structural alterations and 

defect creation during the doping process. Doping introduces oxygen vacancy and 

other defects within the crystal lattice, resulting in a reduced crystallite size. For 

example, the introduction of dopant like Fe and Cu in CeO2 leads in reduced particle 

sizes by creating defect states that are responsible for smaller crystallite size [123]. 
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The presence of dopant can affect the local coordination of oxygen around the dopant 

atoms, perhaps contributing to size reduction [99].  
 
Table 5.1: Various structural parameters obtained from Rietveld refinement, 
crystallite size from Scherer’s equation, average particle size from TEM, band 
gap and refractive index of CCdO nanoparticles 

Samples 
Ce1-xCdxO2 

X =0.00 X =0.03 X =0.06 X =0.09 

Lattice Parameter 
a(Å) 

5.4096 5.4058 5.4076 5.4081 

Unit Cell Volume 
V(Å3) 

158.30 157.97 158.13 158.17 

Rp, Rwp, Rexp, χ2 8.36, 8.85, 
6.91, 1.64 

6.68, 7.45, 
6.25, 1.42 

14.4, 14.2, 
6.72, 4.44 

7.15, 7.80, 
4.04, 1.22 

RBragg 1.53 0.78 1.31 0.81 
Density (g/cm3) 7.11 7.06 6.96 7.03 

Crystallite size (D) (nm) 5.57 5.41 5.25 4.62 
Average Particle size (TEM) 

(nm) 
11.15 9.69 7.47 6.10 

Band-gap energy  (eV) 3.39 3.06 3.00 2.97 
Refractive 

index 
(n)  

Moss’s relation 2.30 2.36 2.37 2.37 
Ravindra’s 

relation 
1.90 2.18 2.22 2.24 

Reddy’s relation 2.67 2.75 2.76 2.77 
 
 Incorporating Cd reduces the crystallite size, indicating the effect of doping 

with grain growth [237]. This provides information defects and other structural 

parameters. Since, the XRD peaks are generally wide and broad, which makes it 

challenging to resolve them separately. The FULLPROF program is therefore used to 

perform Rietveld refining on the diffraction peaks which depict the formation of any 

oxide’s form [238]. Figure 5.2 shows the Rietveld fits to the experimental XRD 

patterns of the CCdO nanoparticles. Rietveld refinement is a strong technique for 

obtaining precise crystallographic information from XRD data. Applying it to Cd-

doped CeO₂ nanoparticles allow for quantitative analysis of doping-induced structural 

changes. Nanoparticles. It provides quantitative insights into how Cd doping modifies 

the crystal structure, size, strain, and potential defect formation in the CeO₂ lattice—

information not easily extracted from raw XRD data alone. The various parameters 

such as goodness of fit indicator (Rp, Rw, Rexp, χ2) are provided in Table 5.1. 
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Figure 5.2: Rietveld refined and fitted curves for undoped CCdO nanoparticles 

samples. The short vertical lines indicate Bragg reflections. The difference plot is 

represented by the lower curve 

 
 However, raw XRD data has a limited precision. Rietveld refinement 

improves on this by fitting a calculated pattern to an experimental XRD pattern using 

a least-squares technique, allowing for the extraction of revised parameters. Rietveld 

refining of XRD data is necessary for accurate structural characterization of Cd-doped 

CeO₂ nanoparticles. It provides quantitative insights into how Cd doping modifies the 

crystal structure, size, strain, and potential defect formation in the CeO₂ lattice—

information not easily extracted from raw XRD data alone. The findings of XRD 

analysis show minor modification to the CeO2 matrix when divalent Cd ions 

substitute Ce ions, while maintaining charge neutrality. The substitution of process 

causes modest variations in XRD patterns, indicating lattice alterations. The peak 

intensity and position variation show that Cd has been effectively incorporated into 

the CeO2 structure. Subtle structural changes can significantly affect material 
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properties, particularly optical and electronic structural properties. The Scherer 

formula is used to evaluate the XRD data such as material's crystalline structure and 

our goal of this work is to determine empirically which form this "simple" formula 

must be applied in to provide results that are consistent with more complex techniques 

like TEM. Therefore, to visualize the microstructure and information about the crystal 

structure at a core level, these nanoparticles are subjected to TEM analysis [239]. 

 
5.3.2. Transmission Electron Microscope (TEM): 

 TEM study of Cd-doped CeO₂ nanoparticles reveals their structural and 

morphological properties. Figure 3 depicts the TEM images of CCdO nanoparticles 

confirming that the particles in the Cd-doped CeO2 samples are well-dispersed and 

spherical/elliptical in shape. The inset of figure 5.3 displays the histogram depicting 

the size measurements of 50 randomly picked particles. Fitting with a log normal 

curve yields a mean diameter of 6-12 nm. The images show small, homogenous 

particles with average diameters or particle size of 11.15, 9.69, 7.47 and 6.10 nm, 

consistent with XRD results as shown in Table 5.1.  

 

 
Figure 5.3: TEM images of (a) undoped CeO2, (b) CCdO3, (c) CCdO6 and (d) 

CCdO9 nanoparticles samples. The samples' corresponding particle sizes are 

shown in an inset histogram 
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 The Selected Area Electron Diffraction (SAED) patterns for CCdO 

nanoparticles are shown in the figure 5.4. The reflected planes from the SAED show a 

ring pattern that matches the fcc structure of CeO2. The broadening of diffraction 

rings indicates tiny particles with high crystallinity [240]. The presence of Cd lowers 

particle size in CeO2, indicating that the dopant regulates grain growth. Correlating 

TEM with optical absorption spectra (UV-Vis) enables a greater knowledge of how 

the size, shape, and structure of Cd-doped CeO₂ nanoparticles affect their optical 

properties, particularly Eg energy. TEM provides structural insights that have a direct 

impact on how nano-particles interact with light, influencing band gap, light 

absorption, and emission behavior. Thus, TEM data is important for interpreting and 

justifying patterns in optical measurements. 

 

 
Figure 5.4: TEM images of CCdO nanoparticles samples with d spacing 

corresponding to (111) plane: (a) Undoped CeO2, (b) CCdO3, (c) CCdO6 and (d) 

CCdO9 nanoparticles and the inset graph shows their corresponding SAED 

images 
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5.3.3. Optical Absorption Spectra 

 UV-Vis spectroscopy is a popular analytical method that gauges a substance's 

ability to absorb or transmit UV and visible light. N the present study, samples are 

measured for absorbance at room temperature throughout a wavelength range of 200-

800 nm. Figure 5.5 (a) shows the UV-Vis absorption spectra of CCdO nanoparticles. 

The prepared samples exhibit a prominent absorbance band below 400 nm (UV 

region). An absorption band in this region is attributed to the charge transfer transition 

from O2− in O 2p to Ce4+ in Ce 4f [241]. These findings support the presence of Ce3+ 

ions, as well as the formation of oxygen vacancies in CCdO nanoparticles [242]. 

 

  
 

Figure 5.5: (a) Optical absorption spectra, (b) Tauc’s plot of CCdO nanoparticles 

samples 

 
 UV-Vis absorption peaks represent particle band-gaps. Nnanoparticle’s ' basic 

absorption causes electron excitation from their valance. The Tauc’ relation can be 

used to determine a material's optical Eg using absorption spectra in which the direct 

Eg energy is determined by extrapolating the linear sections of the curves to zero 

absorption [46]. Extrapolating a straight line from the band edge to the intersection 

with the hʋ axis yields the Eg energy as shown in figure 5(b). Table 5.1 displays the 

Eg energy of undoped and CCdO nanoparticles. The Eg energy values for CCdO 

samples are 3.39, 3.06, 3.00 and 2.98 eV respectively. Doped ceria nanoparticles 

exhibit red-shifted band gap values and higher concentrations of doped CeO2 

nanoparticles result in a smaller band gap. The substitution of Cd ions leads to a 
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narrower band gap. This adds electron states into CeO2's band gap, resulting in a new 

lowest unoccupied molecular orbital. Yue et al. [243] found that doping reduces the 

Eg of CeO2, creating oxygen vacancies that promote the generation of Ce3+ from Ce4+. 

Cd -doped CeO2 nanoparticles exhibit a reduction in band gap, promoting the 

development of oxygen vacancies. According to Kumari et al. [244], the incorporation 

of dopant also causes oxygen vacancies, which contribute to the development of extra 

energy levels inside the band gap, facilitating electron transitions and decreasing the 

total band gap. The optical energy gap or the absorption edge, and refractive index are 

the two most intriguing and essential characteristics of a semiconductor. As a result, 

numerous efforts have been made to discover more relations between these 

characteristics from a fundamental interest as well as a tool for technology. Moss, for 

the first time successfully organized an empirical relationship between the refractive 

index and band gap which as follows [245]: 

 𝒏𝒏𝟒𝟒𝑬𝑬𝒈𝒈 = K  (5.1) 

 
Where, K is constant which is equal to 95, n and Eg are the refractive index and 

energy Eg (in eV) respectively. The main drawback of this relationship is that it lacks 

the uniqueness of such a constant (K), even though it has been verified for a large 

variety of semiconductor systems. Another linear relationship between these two 

parameters has been suggested by Ravindra et al.  [246], which is as: 

 𝒏𝒏 = 𝟒𝟒.𝟎𝟎𝟎𝟎𝟎𝟎 − 𝟎𝟎.𝟔𝟔𝟔𝟔𝑬𝑬𝒈𝒈   (5.2) 

 
Another empirical relation between Eg and n is given by Reddy et al. [247] as: 

 𝐧𝐧 =  �
𝟏𝟏𝟏𝟏.𝟒𝟒𝟒𝟒𝟒𝟒

�𝐄𝐄𝐠𝐠−𝟎𝟎.𝟑𝟑𝟑𝟑𝟑𝟑
    (5.3) 

 
 Eq. (5.3) is a simple alteration of the Moss relation. The calculated values of 

the refractive index by all above three formulas and are summarized in Table 5.1, 

which reflects the increase in value of n with rise in Cd doping. These materials with 

high refractive index result in strong light-matter interactions, which is particularly 

advantageous for optical devices such as solar cells and photo-detectors. Therefore, 

the lowering of the Eg in Cd-doped CeO2 nanoparticles can be attributed to several 

relatable variables, the most important of which are structural changes and electronic 
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state modifications caused by doping. This effect is important for improving the 

electronic properties of these materials. Since, UV-Vis reveals about what is 

occurring to the band structure (Eg narrowing) but XPS reveals why the defects such 

as oxygen vacancies are generated due to incorporation of Cd ions into CeO2 lattice. 

In this way, XPS supports the origin of the modification in the optical properties 

observed in UV-Vis. These studies provide a comprehensive understanding of how 

Cd doping affects the electronic and optical properties of CeO₂ nanoparticles. 

 
5.3.4. Electronic Structural Properties (XPS): 

5.3.4.1. XPS of Ce 3d core level 

 Further XPS research revealed more information on the electronic structure 

and surface composition of CCdO nanoparticles. The addition of Cd ions in the ceria 

lattice can also affect the transformation of Ce3+ to Ce4+. XPS is used to analyze 

changes in the valence chemistry and binding energy of constituent elements. The 

XPS spectra have been charge-corrected for the C(1s) peak at 284.6 eV [248]. Figure 

5.6 displays the XPS spectra of deconvoluted core level Ce 3d spectrum of CCdO 

nanoparticles. The spectra showed no peaks for elements other than Ce, O, and Cd. 

The Ce 3d spectrum show multiplet peaks for Ce3+ and Ce4+ spin-orbit doublets. The 

deconvoluted Ce 3d spectrum is complex due to the presence of Ce in 3+ and 4+ 

oxidation states and multiple d-splitting. The peaks u‴, u″, u, and v‴, v″, v represent 

the 3d3/2 and 3d5/2 final states of Ce4+. u‴ and v‴ are the final states of Ce 3d9O2p6Ce 

4f0, whereas uo, u’, vo and v’ are a combination of Ce 3d9O2p5Ce 4f1 and 

Ce3d9O2p4Ce 4f2 states. u' and v' are 3d3/2 and 3d5/2 for Ce3+ final states, resulting 

from the com of Ce3d9O 2p5Ce4f2 and Ce3d9O2p6Ce4f [249]. The interaction 

between Ce 4f and Ce 3d results in electron transfer from O 2p to Ce 4f orbitals and 

decrease in Ce 3d binding energy. The core hole drags the Ce 4f level to a lower 

energy state. The relative concentration of Ce3+ and Ce4+ [Ce3+]/[Ce3+ + Ce4+] is 

estimated using the integrated areas (Ai) of the respective peaks [250]. Table 5.2 

summarizes the individual peak areas, binding energies, and Ce3+ concentrations. 

Increasing Cd doping from 3 to 9 % resulted in an increase in Ce3+ concentration.  
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Table 5.2: Binding energies (eV) of several GL30 components in the Ce 3d XPS spectra of CCdO samples 

Samples 3d5/2 (eV) 3d3/2 (eV) Ce+3 % Ce+4 % Ce+3/Ce+4 

V0 
Ce3+ 

V Ce4+ V’ Ce3+ V’’ Ce4+ V’’ Ce4+ U0 Ce3+ U Ce4+ U’ Ce3+ U’’ Ce4+ U’’ Ce4+ 

Undoped CeO2 882.00 883.45 885.80 888.75 898.12 900.65 903.23 906.85 908.36 916.50 36.91 63.09 58.50 

CCdO3 881.77 883.14 885.13 888.45 897.61 898.28 900.36 902.57 906.89 916.13 37.86 62.13 60.93 

CCdO5 881.70 884.18 886.15 888.47 897.44 898.13 900.24 902.55 906.82 916.01 38.73 61.26 63.22 

CCdO7 881.87 883.72 885.69 888.54 897.52 898.21 900.44 902.60 906.99 916.20 39.75 60.24 65.98 
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 Table 5.2 shows small amount of Ce3+ coexists with Ce4+ in CCdO 

nanoparticles. Fitting curves and calculating Ce3+/(Ce3+ + Ce4+) yields a significantly 

increase in Ce3+ to Ce4+ ratio. Ultra-high Ce3+ ratios is proportional to the number of 

oxygen vacancies in nanoparticles, as Ce3+ abundance often correlates with oxygen 

vacancies. XPS can detect both Ce⁴⁺ and Ce³⁺ oxidation states. An increasing ratio of 

Ce³⁺ to Ce⁴⁺ indicates a larger concentration of oxygen vacancies, as the reduction 

from Ce⁴⁺ to Ce³⁺ is generally associated with the loss of oxygen atoms from the 

lattice. Further, this result is confirmed by the XPS analysis of the O 1s region of the 

prepared samples. 

 

 
Figure 5.6: The deconvoluted peak of the Ce 3d profile of CCdO nanoparticles 

samples 

 
5.3.4.2 XPS of O 1s 

 To better examine the behavior of oxygen vacancies, the core level O 1s XPS 

plot of CCdO nanoparticles is displayed in figure 5.7. By deconvoluting the O 1s 

spectra, the present oxygen species have been identified. Three separate components 
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comprise of well Gaussian fitted O 1s (OL, OV, and OC). O–Ce–O bonds are 

responsible for the OL peak, which arises at ⁓528 eV and corresponds to lattice 

oxygen, while the peak arises at ⁓529 eV is brought on by oxygen ions in areas with 

low oxygen concentrations (Ov). Because of surface imperfections, Cd-doped CeO2 

exhibits a high binding energy that is centered at ⁓530 eV and many oxygen 

vacancies in the lattice crystal indicating the existence of –OH groups on the sample 

surfaces [49]. The concentration of OL and Ov can be derived by quantifying O 1s 

spectra, as indicated in Table 5.3. 

 

 
Figure 5.7: The deconvoluted core level spectra of the O 1s profile for CCdO 

nanoparticles samples 
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Table 5.3: Binding energies (eV) of several GL30 components in the O 1s XPS 

spectra of CCdO nanoparticles samples 

 

 The peak denoted by oxygen vacancies related to adsorbed and weakly bonded 

oxygen species, while Oc with the maximum binding energy attributed to hydroxide 

or adsorbed water on the catalyst surface. Both peaks confirm the presence of surface 

oxygen vacancies in CCdO samples. The weakest peak at ⁓528 eV, was attributed to 

lattice oxygen in attached CeO2 nano-crystals. Surface adsorbed oxygen is typically 

more reactive than lattice oxygen in oxidation processes because to its increased 

mobility [251].  

 
5.3.4.3 XPS of Cd 

 Figure 8 displays the XPS spectrum of Cd. The Cd characteristics include the 

main Cd 3p3/2 (⁓617eV), Cd 3p1/2 (⁓651 eV) as well as 3d5/2 (⁓404 eV) and 3d3/2 

(⁓411 eV) spin-orbit components, manifesting Cadmium in Cd2+ state. As predicted 

by Figure 5.8(a) and 5.8(b), CdO nanoparticles exhibit prominent peaks 

corresponding to (Cd 3p3/2, 3p1/2) and (Cd 3d5/2, Cd 3d3/2) which well matched with the 

published result of XPS spectra of Cd [252,253]. The binding energy peak position of 

Cd 3p and Cd 3d are provided in Table 5.4. 

 

Samples OL [eV] OV [eV] OC [eV] % OL % OV 

Undoped CeO2 528.70 529.40 530.69 44.83 55.17 

CCdO3 528.72 529.14 531.28 63.91 36.08 

CCdO6 528.66 529.11 531.25 61.27 38.72 

CCdO9 528.76 529.20 531.35 60.93 39.06 
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Figure 5.8: (a) The core level spectra of Cd 3p and (b) Cd 3d of CCdO 

nanoparticles samples 

 
Table 5.4: Binding energy peak position of core level spectra Cd 3p and Cd 3d of 

CCdO nanoparticles samples 

Samples Cd 3p1/2 [eV] Cd 3d3/2 [eV] 3d3/2 [eV]  Cd 3d5/2 [eV] 

CCdO3 651.76 617.60 411.29 404.53 

CCdO6 651.78 617.61 411.33 404.58 

CCdO9 651.87 617.71 411.41 404.65 

 
 Therefore, it can be concluded that substituting Cd²⁺ ions into the CeO₂ lattice 

might cause lattice distortions due to their differing ionic radius from Ce⁴⁺. This 

substitution can help to produce oxygen vacancies and keep the charge neutral. 

Incorporating Cd into CeO₂ nanoparticles affects the creation of Ov, which are crucial 

for the material's electronic properties. Therefore, oxygen vacancies are not merely 

structural defects, but active mediators of magnetism in Cd-doped CeO₂ 

nanoparticles, causing ferromagnetism which is further discussed in the next section. 

 
5.3.5  Magnetic properties (VSM) 

 To investigate the magnetic properties of CCdO nanoparticles at room 

temperature, VSM has been used which analyzes the various magnetic characteristics 

of nanoparticles, including TM-doped CeO₂ particles. Although there is insufficient 

VSM data on Cd-doped CeO₂ nanoparticles, investigations on related systems can 

provide insights. Also, the patterns observed in other doped systems show that Cd 

doping may cause or increase ferromagnetic behavior in CeO₂ nanoparticles. The 
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injection of Cd²⁺ ions may create oxygen vacancies, which promote magnetic 

interactions. However, experimental research is required to corroborate these effects 

and understand the exact magnetic properties conferred by Cd doping. The room-

temperature M-H curve for all samples is displayed in figure 5.9, which depicts that 

all samples exhibit weak ferromagnetism (FM) at normal temperature. The figure 

shows that CCdO nano-particle samples are soft ferromagnetic materials, with 

saturated M-H curves and a small hysteresis region. This FM behavior has already 

been described by previously studies. As reported by Ge et al. [254] oxygen vacancies 

produce localized states that polarize the f electrons of cerium ions, causing 

ferromagnetism. Vacancies on the surface of nanoparticles contribute more strongly 

to magnetism than those in the bulk, raising the overall magnetic moment. According 

to Tarui et al. [255] the presence of oxygen vacancies is a key factor in the 

ferromagnetism of CeO2 nanoparticles, which can be generated by doping with 

transition metals or manipulating the oxidation states of CeO2 may also improve the 

magnetic properties. Such results show a complex interplay of factors influencing 

ferromagnetism in these materials.  

 

 
Figure 5.9: Room temperature M-H curves for CCdO nanoparticles samples 

 
 The Langevin function is important for analyzing the magnetic behavior of 

materials with a high-spin system. It explains how magnetic materials' magnetization 
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changes in response to applied magnetic fields. To extract the ferromagnetic 

component, all samples are fitted with the Langevin function L(x) as shown in figure 

5.10. 

 
Figure 5.10: Langevin equation fitted M-H curves of CCdO nanoparticles 

samples 

 
 Table 5.5 displays the measured values for magnetic parameters including 

saturation magnetization (MS), remanent magnetization (MR), and coercively (HC), 

magnetic susceptibility (χ), Squareness Ratio (SQR), Anisotropy Constant (K) and 

magnetic moment (𝑛𝑛𝐵𝐵) obtained from the analysis of magnetic curves (figure 5.9 and 

figure 5.10). Table 5.5 shows that Ms value of undoped CeO2 sample is 0.0402 emu/g, 

but increases to 0.0518 emu/g as Cd2+ ions are added, while the value of Hc decreases 

from 372.8 Oe to 218.93 Oe. A decrease in HC reduces magnetic and electric losses, 

while increasing MS leads to higher spin current generation and attributed to increased 

crystallinity and reduced spin disorder on nano-particle surfaces. Therefore, such 

findings predict the potential use of these materials in spintronics. The relationship of 

Ms and Hc in our case is further verified by the following Brown's equation [256]:  

 𝑯𝑯𝒄𝒄 =  𝟐𝟐𝑲𝑲
µ⸰ 𝑴𝑴𝑺𝑺

   (5.4) 

 
where, K is anisotropy constant. Magneto-crystalline anisotropy in ferromagnetic 

materials results from the interaction of electron spins with the crystal lattice, which 
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occurs predominantly through spin-orbit coupling. This interaction makes some 

crystallographic directions energetically advantageous for magnetization. The 

calculated anisotropy constant (K) using the above relation (equation 5.4) is 

summarized in Table 5.5. 

 
Table 5.5: Various magnetic parameters of CCdO nanoparticles samples 

Sample 𝑴𝑴𝑺𝑺 
(emu/g) 

𝑴𝑴𝑹𝑹 
(emu/g) 

𝑯𝑯𝑪𝑪 
(Oe) 

𝝌𝝌 (emu/g-
Oe)×10-5 

SQR 𝑲𝑲 
(erg/gm) 

𝒏𝒏𝑩𝑩 (𝝁𝝁𝑩𝑩) 
× 10-3 

Undoped CeO2 0.0402 0.0165 372.8 0.90 0.5339 15.611 1.23 

CCdO3 0.0518 0.0130 218.93 1.18 0.3721 11.813 1.58 

CCdO6 0.0290 0.0133 361.07 0.67 0.6428 10.471 0.85 

CCdO9 0.0229 0.0119 324.9 0.52 0.7554 7.750 0.69 

 
 The squareness ratio (SQR) is another magnetic parameter used to determine a 

material's magnetic hardness, which is its resistance to demagnetization. The SQR is 

defined as the ration between Mr and Ms. SQR equals Mr/Ms [257]. This ratio is 

calculated using the hysteresis loop. The SQR shows how "square" the hysteresis loop 

is, which reflects the material's magnetic hardness. According to literature, SQR 

greater than 0.5, indicates a strong magnetic orientation and increased resistance to 

demagnetization, which is typical of hard magnetic materials. SQR < 0.5 indicates a 

multi-domain structure with decreased magnetic hardness, prevalent in soft magnetic 

materials [258]. In our case, Table 5.5 shows that the prepared samples are single 

domain structures. A higher SQR is preferable for greater data retention since it shows 

that the material retains its magnetization more effectively when the external field is 

withdrawn. As a result, studying the SQR from the hysteresis loop allows one to 

evaluate a material's magnetic hardness, which is essential for applications that 

require stable and persistent magnetization [259].   

 
 To investigate magnetic properties further, the magnetic moment ( 𝑛𝑛𝐵𝐵)  in 

units of Bohr magneton (μB) from hysteresis curve is yielded from using the following 

equation, which gives information about the strength and presence of magnetism in a 

material [260].  

  𝒏𝒏𝑩𝑩 = (𝑴𝑴𝒘𝒘𝒘𝒘×𝑴𝑴𝑺𝑺)
𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓

   (5.5) 
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Here, 𝑀𝑀𝑤𝑤𝑤𝑤  stands for molecular weights of specific composition. CeO2 in its bulk 

form is regarded as non-magnetic due to the occupied 4f shell of Ce4+ [213]. However, 

these materials show the emergence of some kind of magnetic response which could 

by arises due to defects such as oxygen vacancies [261]. As our findings show that 

calculated magnetic moment (nB) for undoped CeO2 is 1.23  10-3 μB. This very tiny 

magnetic moment suggests weak magnetism for CeO2 nanoparticles which increases 

upon Cd doping and attributed to the crystal lattice defects. This result reflects that the 

exchange interaction between oxygen vacancies and electron spin moment causes 

some cerium ions to deviate from Ce4+ to Ce3+ state, which is key mechanism in 

understanding the magnetic behaviour of defect-induced material like CeO2 

 
 Table 5.5 shows that the variation in magnetic parameters do not vary 

consistently with Cd-ion doping, as expected based on our earlier XRD, TEM, UV-

Vis and XPS experiments. RTFM behavior in synthesized samples is not so strong; 

according to calculated values Ms. Such findings demonstrate that the magnetic 

behavior is strictly reliant on the concentration of Cd2+ ions. As shown in Table 5.5, 

RTFM may be initially improved by lower Cd concentrations, but Cd with higher 

doping may cause secondary phases or defect saturation, which could lessen 

magnetism. Overall, because of the improved RTFM of Cd-doped CeO₂ in compare to 

undoped CeO2 can be used in spintronics devices, which take advantage of electrons' 

charge and spin. 

 
 The addition of Cd to CeO₂ nanoparticles affects their structural, optical, 

electronic and magnetic characteristics. A thorough investigation employing 

techniques such as XRD, TEM, UV-Vis spectroscopy, XPS and VSM sheds light on 

these changes. Cd doping causes a minor shift in the diffraction peaks of CeO₂, 

showing lattice distortion due to the substitution of Ce⁴⁺ ions with Cd²⁺ ions. The 

average crystallite size decreases as Cd content increases, indicating that Cd 

incorporation lowers grain growth. TEM images show that Cd-doped CeO₂ 

nanoparticles have a spherical shape and a homogeneous size distribution. The 

particle size measured by TEM confirms the crystallite size calculated from XRD 

data, verifying the nano-scale dimensions of the prepared particles. According to UV-

Vis spectroscopy, due mostly to caused structural defects and charge compensation 

effects, Cd doping dramatically changes the optical characteristics of CeO₂ 
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nanoparticles by decreasing the band gap, moving the absorption edge (red shift), and 

increasing visible light absorption. XPS analysis shows the existence of Ce³⁺ and Ce⁴⁺ 

oxidation states, confirming the presence of oxygen vacancies from Cd doping. The 

Cd 3d spectra show peaks for Cd²⁺, indicating effective incorporation of Cd into the 

CeO₂ lattice. The increase in oxygen vacancies improves the electronic characteristics 

of the nanoparticles. The investigation from VSM measurement shows that Cd-doped 

CeO₂ nanoparticles display RTFM. The Ms increases with Cd concentration until an 

appropriate doping level (3%) is reached, at which point it declines, potentially due to 

the formation of non-magnetic secondary phases or Cd ion clusters. The observed 

ferromagnetism is attributed to exchange interactions between oxygen vacancies and 

cerium's mixed valence states. The structural distortion and reduced particle size 

(XRD and TEM) increases surface area, which influences optical absorption (UV-

Vis). Increased oxygen vacancies and changed electronic structure (XPS) contribute 

to a narrower Eg (UV-Vis) and high value of refractive index and ferromagnetism 

(VSM). Cd doping enhances the multifunctional characteristics of CeO₂ nanoparticles, 

enabling applications in photo-catalysis, spintronics, and optoelectronics. 

 
5.4. Conclusion 
 Cadmium doping in CeO₂ nanoparticles has been widely explored to improve 

their structural, optical, and magnetic properties for diverse applications. This is a 

complete summary and conclusion based on this study findings. Cd-doped CeO₂ 

nanoparticles prepared by co-precipitation have a cubic fluorite structure and an 

average size of about 5 nm. Cd doping affects grain growth and decreases particle 

size, which can increase surface area and reactivity or in other words Cd doping does 

not affect the fcc structure of CeO₂, but does reduce crystallite size. TEM analysis 

shows that Cd-doped CeO₂ nanoparticles have spherical morphologies with diameters 

ranging from 6-12 nm. Cd doping reduces the average grain size relative to undoped 

CeO₂, suggesting that it slows grain expansion during synthesis. SAED patterns 

confirm its crystalline structure, with clear diffraction rings corresponding to the 

fluorite phase. Incorporating Cd²⁺ ions into CeO₂ lattice, results in localized energy 

levels within the band gap. These defect states enable electronic transitions at lower 

energies, hence decreasing the band gap. The substitution of Ce⁴⁺ with Cd²⁺ upsets the 

charge balance, creating oxygen vacancies. These vacancies introduce new energy 

levels and change the electronic structure, resulting in narrowing of band gap. The Ce 
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3d XPS spectra show a mixed oxidation state of Ce³⁺ and Ce⁴⁺. Ce3+ is commonly 

related with oxygen vacancies in the lattice. The higher ratio of Ce³⁺ to Ce⁴⁺ in Cd-

doped samples indicates that Cd doping stimulates the creation of oxygen vacancies, 

potentially improving the material's electronic structure. Cd 3p and 3d XPS spectra 

typically show two notable peaks corresponding to (Cd 3p3/2, 3p1/2) and (Cd 3d5/2, Cd 

3d3/2) indicating Cd²⁺ oxidation states. These peaks confirm Cd's effective integration 

into the CeO₂ lattice, either displacing Ce sites or occupying interstitial sites. VSM 

study of Cd-doped CeO₂ nanoparticles shows improved magnetic behavior compared 

to undoped CeO₂. Undoped CeO₂ has weak ferromagnetic behavior due to its 

electronic configuration of 4f shell and intrinsic defects. However, adding Cd ions 

causes RTFM or enhances magnetic susceptibility, depending on the doping 

concentration. The increased magnetism can be ascribed to create by Cd doping, 

resulting in localized magnetic moments and charge imbalances and lattice distortions 

promote magnetic exchange interactions. Mixed valence states (Ce³⁺/Ce⁴⁺) produce 

defect-induced magnetism. Cd doping improves the magnetic response of CeO₂ 

nanoparticles, making them suitable for spintronics and magnetic semiconductor 

applications. 
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Chapter 6 

Conclusion and Future Scope 
 
6.1 Conclusion of the Research work 
 Transition metal (TM)-doped CeO₂ nanoparticles have attracted a lot of 

interest because of their improved characteristics, which make them appropriate for 

use in spintronics, photo-catalysis, and supercapacitor applications. The reversible 

Ce³⁺/Ce⁴⁺ transition gives CeO₂ its inherent redox capacity, making it a viable material 

for energy storage. Its poor electrical conductivity presents difficulties, though. It has 

been demonstrated that doping with TM like Ag improves electrochemical 

performance, which in turn improves capacitance and cycling stability. The band gap 

of CeO₂ can be reduced via TM doping, enabling improved photo-catalytic activity 

and absorption of visible light. Doping with metals such as Yttrium has been found to 

introduce 3d orbital states within the band gap, allowing for increased visible 

spectrum light absorption and generation of more oxygen vacancies which encourages 

reactive sites and enhanced organic pollutant breakdown in the presence of light. The 

size, shape, surface area, crystallinity, and functional performance of CeO₂ 

nanoparticles are all greatly influenced by the synthesis process. The structural and 

functional characteristics of CeO₂ nanoparticles are directly impacted by the process 

of synthesis selected. The intended application determines which approach is best. In 

this research work, a simple, economical, and fast chemical co-precipitation method is 

used to synthesize 4d cations (Y, Ag and Cd) doped CeO2 at various concentrations. 

The obtained samples were analyzed to determine their structural, optical, and 

magnetic properties. Ag-doped CeO2 nanoparticles were then subjected to 

electrochemical investigation. Finally, we investigated the different properties of 

these 4d cation doped CeO2 nanoparticles.  

 
 XRD study of 4d cations doped CeO2 nanoparticles revealed a face-centered 

cubic fluorite (Fm-3m) structure with no secondary phases. The average crystallite 

size was determined using Scherer's equation, which reflected the well-integration of 

dopant ions (Y, Ag and Cd) in the lattice of CeO2 nanoparticles and was discovered to 

change the smaller Ce4+ (0.097 nm) ions into larger Ce3+ ions (0.114 nm). A decrease 

in crystallite size and lattice parameter following TM doping indicates accumulation 
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of lattice strain (tensile because of ionic radius mismatch). Various structural 

parameters, such as crystallite size, lattice parameter, and lattice strain, were calculated 

to investigate the change in structural properties following dopant addition (Y, Ag and 

Cd). Slight shifting in (111) d-spacing are confirmed by a sample calculation using 

Bragg's law. Trends in strain align with the contraction or expansion of the lattice. 

The crystallite size and lattice strain were also determined using the W-H plot, and the 

findings were remarkably similar with those obtained using Scherer's equation. More 

oxygen vacancies are associated with higher strain, and these vacancies are frequently 

related to improved catalytic, magnetic, or electrochemical characteristics. An 

effective method for obtaining comprehensive crystallographic and micro-structural 

details from powder diffraction data is Rietveld refinement. The Rietveld fitted curve 

reflects that doping of 4d cations (Y3+, Ag+ and Cd2+) preserves the fluorite (Fm3̅m) 

cubic phase without the presence of secondary phases. Such XRD-derived structural 

data are essential for establishing a correlation with spintronics, photo-catalysis, or 

supercapacitor performance. 

 
 To determine the elemental composition, EDX spectra of 4d cation doped 

CeO2 were obtained. The inclusion of (Y3+) in accordance with the correct 

stoichiometry ratio was demonstrated using EDX. In a similar vein, the proper 

stoichiometry ratio of cerium (Ce) and oxygen (O) was found in these prepared 

samples. The TEM, HRTEM, and SAED patterns validate the spherical morphology 

of undoped and Y and Cd-doped samples. TEM images indicate that Y and Cd-doped 

CeO2 nanoparticles had average crystalline sizes of 12-18 nm and 5-11 nm 

respectively. The CeO2 nano-lattice contains dopant ions Y resulting in well-arranged 

crystalline particles as shown in HRTEM and SAED images. The d-spacing ~0.31 nm 

for CeO₂ (111) has been be measured directly, and their shift with doping has been 

observed. The particle size of Y and Cd-doped CeO₂ decreased, which is consistent 

with a reduced lattice caused by smaller Y3+ and Cd²⁺ ions replacing Ce⁴+. High 

crystallinity of the samples has been observed by lattice fringes with great contrast. 

 
 The optical absorption spectra revealed that the refractive index and band gap 

energy of all samples altered in the UV-Vis-NIR spectra, showing the incorporation 

of dopant ions (Y3+, Ag+ and Cd2+) into CeO2 nanoparticles. The band gap energy of 

CeO2 nanoparticles decreased as the fluency of dopant ions increased. Impurity levels 
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in the CeO2 band structure may be arises by oxygen vacancies between the O 2p and 

Ce 4f states. These oxygen vacancy states capture the excited electrons, lowering the 

band gap energy of the CeO2 nanoparticles doped with (Y3+, Ag+ and Cd2+). The red 

shift of the absorption edge indicates that dopant cations were well incorporated in the 

CeO2 sample. The inclusion of dopant ions (Y3+, Ag+ and Cd2+) in CeO2 lattice has 

generated defects and oxygen vacancies, as determined by the calculation of Urbach 

energy and refractive index. The band-gap of CeO₂ is reduced by Y doping from 

roughly 3.38 eV to 2.95 eV, which moves absorption into the visible light spectrum 

and increases photo-catalytic activity. Finally, it was discovered that the host CeO2-

based DMS compound, which has good optical performance, could have its optical 

band gap energy modified by changing the concentration of dopant ions. The XRD 

findings validated the concept that defects caused by doping enhance Urbach energy. 

 
 The PL spectra of (Y3+, Ag+) doped CeO2 nanoparticles have been used to 

confirm the presence of various defects and structure disorderness. The PL spectra 

show a variety of peaks that correspond to different causes, including transitions from 

different energy levels and valence changes. The prepared nanoparticles emission 

color was assessed using the 1931 CIE (Commission International de L'Eclairage) 

standard. Higher CCT and CRI values for all doped nanoparticles evaluated using PL 

spectra indicate that they are better suited for emitting different colors light sources. 

Ag decorating frequently improves CRI and CCT by shifting emission toward the 

white-light region. Chromaticity graphs for Y-doped CeO₂, on the other hand, exhibit 

a peak shift into the yellow region, which is suitable for LED and display applications. 

 
 The XPS analysis of samples of undoped and (Y3+, Ag+ and Cd2+) doped CeO2 

nanoparticles revealed information regarding the elements' oxidation states and 

chemical compositions. The core level Ce 3d XPS spectra for and (Y3+, Ag+ and Cd2+) 

doped CeO2 nanoparticles samples revealed the existence of Ce-ions in both the Ce4+ 

and Ce3+ oxidation states. XPS analysis revealed the samples' composition of cations, 

as well as their enhanced oxygen vacancy content in comparison to total oxygen 

concentration. These factors have resulted in a large number of oxygen vacancies at 

the surface, indicating long-range ferromagnetic ordering. The O 1s XPS spectra 

indicate the lattice oxygen contribution, oxygen vacancies, surface hydroxyl groups, 

and other carbonate species, as well as fluctuations in the concentration of dopant ions 
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(Y3+, Ag+ and Cd2+) in the CeO2 nanoparticles sample. The addition of (Y3+, Ag+ and 

Cd2+) ions, as well as the development of oxygen vacancies in doped CeO2 

nanoparticles affected the relative concentration ratio (Ce3+/Ce4+) for Ce3+ ions. The 

Ce3+ ion concentration increased significantly, as seen by the Ce 3d XPS spectra, and 

the oxygen vacancies increased as a result of the Ce2O3 phase formation in 4d cation-

doped CeO2 samples, which was not evident in the XRD patterns.  

 
 The undoped, Cd-doped CeO2 nanoparticles samples were magnetically 

measured at room temperature as a function of the applied magnetic field in the -5 T 

to +5 T range using the VSM system. In contrast to the diamagnetic response of bulk 

CeO₂, the M–H curve at room temperature frequently exhibits weak ferromagnetic 

(FM) behavior. Here, the ferromagnetic ordering of the CeO2 nano-lattice is improved 

by the incorporation of Cd-ions into the CeO2 lattice and this behavior was explained 

on the basis of exchange interaction between oxygen vacancies and electron charge 

spin. The value of Mₛ and Mᵣ were observed to be frequently raised by increasing 

doping until they reach a saturation threshold, after which further dopant ions may 

pair anti-ferromagnetically or decrease the creation of oxygen vacancies. 

 
 The photo-catalytic analysis of Y doped CeO2 samples revealed that at higher 

doping levels, Y3+ aggregates at the CeO2 surface, accompanied by oxygen vacancy 

and Ce3+ ions. This observation can be explained by the fact that lattice strain alters 

the surface energy and reactivity of photo-catalytic materials. Strained surfaces may 

have increased reactivity, resulting in more active sites for photo-catalytic processes. 

Furthermore, a crystal's strain can induce defects to form, such as oxygen vacancies, 

and these vacancies can function as active sites. Strain inside the crystal lattice can 

produce changes in the electronic band structure, resulting in band gap variations. A 

narrower band gap can improve photo-catalytic effectiveness by increasing visible 

light absorption.  

 
 The redox reaction of cerium oxide, along with the high surface area and 

conductivity of Ag, results in a high specific capacitance. This is why Ag-doped CeO2 

nanoparticles are employed as supercapacitor electrodes. When their electrochemical 

properties are investigated, Ag doped CeO2 nanoparticles perform well as electrode 

materials, with a significant specific capacitance reported. When compared to other 
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doped nanoparticles, the CV results revealed that CAO5 (Ag = 5 %) nanoparticles had 

the highest specific capacitance. According to the results of this work, electrodes 

made of binary Ag-doped CeO2 nanoparticles have a larger specific capacitance than 

that of undoped CeO2. As a result, Ag-doped CeO2 clearly has the potential to be a 

useful electrode material in the electronic field. 

 
 Previous discussions have highlighted the intriguing structural, optical, 

magnetic, electronic structure and electrochemical properties of 4d cations (Y3+, Ag+ 

and Cd2+)-doped CeO2 nanoparticles prepared via co-precipitation. The findings 

indicate that the prepared undoped and 4d cations (Y3+, Ag+ and Cd2+) -doped CeO2 

nanoparticles have potential applications in optoelectronics, spintronics, LEDs, and 

super capacitors as storage devices. 

 
6.2 Scope for Future Work 
 Dilute magnetic semiconductors have a wide range of potential applications in 

the future, especially in spintronics, quantum computing, and magnetic memory 

technologies. To fully utilise DMS materials, it will be essential to overcome obstacles 

pertaining to Curie temperature, carrier mobility, and fabrication techniques as 

material science advances. DMS materials are essential for quantum technologies and 

next-generation electronics because of their magnetic qualities and semiconductor 

behaviour. The present study is all about the investigation of the various properties of 

undoped and doped CeO2 based DMS nanoparticles with varying dopant 

concentrations to synthesize smaller particle sized nanoparticles. Furthermore, we 

have also carefully examined the structural, optical, electrical, magnetic, and 

electrochemical properties of the undoped and TM-doped CeO2 samples using a 

variety of characterisation techniques. The study highlights the potential applications 

of transition metal-doped CeO₂, a highly promising field in materials research, 

particularly for environmental, energy storage, electronics, and catalysis. This thesis 

attempts to advance knowledge of TM-doped CeO2-based DMS materials and their 

nanostructures. Nonetheless, the area can always be developed further. As a result, a 

dedicated future effort in this direction is required. We propose the following 

additional research work to be completed in future: 
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• Determination of electronic structure property using XAS: We can use 

XAS to analysis our samples in order to gather more detailed information 

about the electronic structure property. With bulk sensitivity, in-situ 

adaptability, and the capacity to quantify oxidation states, coordination 

environments, and vacant orbitals, XAS unlocks atom-specific structural, 

electronic, and catalytic dynamics, moving beyond the only surface-sensitive 

chemical state that XPS can detect. When it comes to multi-technique 

characterization, it is an effective approach. At Elletra Italy, ESRF, and other 

sites, we want to submit a beam time proposal for these measurements.  

• Probing the photo-catalytic activity: There is great potential for solving 

environmental and energy issues with the incorporation of DMS materials in 

photo-catalytic applications. Realizing the full potential of DMS-based photo-

catalysts in a variety of industries will depend heavily on ongoing research 

targeted at enhancing efficiency, stability, and scalability. 

• Investigating several synthesis techniques for TM-doped CeO2 nanoparticles 

with variable structural and optical properties: The optimal synthesis 

techniques for the materials' tuneable structural and optical characteristics can 

be developed with the help of an understanding of the mechanism and effects 

of defect development in TM-doped CeO2 nanoparticles. 

• Looking for ways to combine different nano-materials, such as M-xene, 

RGO, and other carbon-based materials, to take use of their unique 

properties: More research should be done on our current periodic table, which 

has many elements, to find unusual materials and learn the basics of physics.  

• Performing electrochemical properties: Since TM-doped CeO2 nanoparticles 

have been shown to perform well in super-capacitors. Therefore, we would 

like to examine these samples' dielectric properties, impedance, and batteries. 

 
 In conclusion, TM doping in CeO₂ nanoparticles modifies their electronic and 

structural characteristics, increasing their potential for a range of cutting-edge 

applications including gas sensing, catalysis, photo-catalysis, electronics, spintronics, 

energy, and biomedicine. Their tunable electronic and defect properties make them 

versatile materials suitable for next-generation technology. These materials' 

performance in energy storage, ecological remediation, and spin-based electronics is 

being improved by ongoing study. 
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Summary 

 
 Recently, researchers are interested in semiconducting materials (DMS) for 

their prospective uses in optoelectronics, magneto-electronics, and spintronics. DMS 

involves substituting a percentage of the host semiconductor's atoms with transition 

metals or non-metals that can add localized magnetic moments. DMS retains both 

semiconducting and magnetic characteristics, including paramagnetic, ferromagnetic, 

and anti-ferromagnetic, unlike typical semiconductors. To construct DMS 

compounds, transition metals or rare-earth elements has been employed as magnetic 

dopant in the host semiconductor. CeO2 is an excellent DMS compound for 

spintronics applications due to its versatility and smaller band gap following nano-

scale doping with rare earth metals. There are further industrial applications for it. 

CeO2 has received attention as a promising material due to its high exciton binding 

energy, huge direct band gap, and defect-related optical and magnetic characteristics. 

Several different concentrations were employed to study the defects in undoped CeO2. 

 
 4d cation-doped CeO₂ nanoparticles have superior physical, chemical, and 

catalytic characteristics compared to undoped CeO₂. Therefore, this study provides an 

overview of why this doping is important, particularly in scientific and industrial 

settings. CeO₂ is well-known for its capacity to store and release oxygen through the 

Ce⁴⁺/Ce³⁺ redox reaction. When doped with 4d transition metal cations (e.g. Zr⁴⁺, 

Mo⁶⁺, Nb⁵⁺, Ru⁴⁺), it improves oxygen vacancy formation, oxygen ion mobility and 

faster redox cycling (Ce⁴⁺ → Ce³⁺). This increases its effectiveness in applications 

such as: three-way catalysts in automobile exhaust systems, solid oxide fuel cells 

(SOFCs) and chemical looping reactions. Doping with 4d cations can alter the band-

gap and electronic structure of CeO₂. Doping improves charge carrier mobility, 

positions of the valence and conduction bands and photo-catalytic activity, 

particularly under visible light. Doping with 4d cation is particularly beneficial in 

Photo-catalysis (such as water splitting and pollutant degradation) and Solar energy 

harvesting. Transition metal doped CeO2 systems, such as (Y3+, Ag+ and Cd2+)-, have 

received a lot of attention for their usage in emission displays and super-capacitors. 

 
 The main purpose of this research is to determine how 4d transition elements 

alter the structure, optical, electronic structure and magnetic properties of CeO2 
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nanoparticles X-ray diffraction was used to explore how doping impacts the structure 

of CeO2. HRTEM was used to determine the surface morphology. UV-Vis-NIR and 

photoluminescence spectroscopy are used to identify defects. X-ray photoelectron 

spectroscopy was utilized to determine the valence state. Electrochemical properties 

were analyzed using electrochemical analyzer. It has been reported in the previous 

section that how doping of 4d cations in CeO2 nanoparticles prepared via co-

precipitation improves their structure, optical, and electronic structure properties. 

Based on the findings, it is possible to deduce that these nanoparticles have 

applications in spintronics, optoelectronic devices such as LEDs, photo-catalysis and 

energy storage devices such as super-capacitors. The six chapters of the thesis cover 

the following topics: 

 
Chapter 1: 

 The first chapter provides an overview of spintronics and spintronics 

materials, focusing on their magnetic properties. This section provides a basic 

overview of DMS, which are widely used in spintronics devices. Several theoretical 

ideas and methods have been presented to explain the genesis of room temperature 

ferromagnetism in DMS materials. Nano-materials as metal oxide semiconductors can 

be synthesized using various methods, resulting in high-quality nanoparticles. The 

structure of CeO2, its physical properties, and related defects have been described. In 

the last, this chapter concludes with a survey of literature on how doping affects the 

physical properties including structural, morphological, optical, electronic structure, 

magnetic, and electrochemical properties of undoped CeO2 and doped CeO2 

nanoparticles. 

 
Chapter 2: 

 The second chapter provides a brief explanation of the various synthesis 

method and characterisation techniques used in this study to examine the different 

characteristics of undoped and doped CeO2 nanoparticles. The co-precipitation route 

of synthesis for the preparation of both undoped and doped CeO2 nanoparticles has 

generated a lot of discussion. This chapter layout the detailed information of 

characterization techniques such as X-ray diffraction (XRD), Rietveld Refinement 

analysis, Energy Dispersive X-ray Spectroscopy (EDX), Ultraviolet-Visible-Near 

Infrared (UV-Vis-NIR) Spectroscopy, Surface-Enhanced Raman Spectroscopy 
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(SERS), X-ray Photoelectron Spectroscopy (XPS), Superconducting Quantum 

Interference Device-Vibrating Sample Magnetometer (SQUID-VSM), and 

electrochemical analyser. These techniques are just a few of the experimental methods 

used for characterisation of the samples used in this method. 

 
Chapter 3: 

 In this chapter undoped and Y-doped CeO2 [Ce1-xYxO2] (x = 0.00, 0.03, 0.05 

and 0.07) nanoparticles prepared by the co-precipitation method are examined for 

their structural, morphological, optical, XPS, luminescence, and photo-catalytic 

characteristics. According to XRD and TEM studies, these single-phase nanoparticles 

have a better crystalline nature and a crystallite size between 18 and 9 nm. The inter-

planer distance for the (111) plane varies considerably depending on the doping 

concentration, as shown by HRTEM images. The investigation of the UV-Vis-NIR 

spectroscopy has shown us that different concentrations of Y3+ ions in CeO2 have 

caused differences in the magnitude of the refractive index and Eg values. The wide 

application of these materials with yellow luminescence is indicated by the obtained 

CCT for the doped samples analysed using PL spectra. According to the XPS analysis, 

the Y3+ ions have been incorporated into the lattice, the oxidation state has changed 

from Ce4+ to Ce3+ ions, and oxygen vacancy states have been formed by the 

generation of defects or an amorphous phase of Ce2O3.The photo-catalytic reduction 

rate constant of 7% Y doped CeO2 is nearly 1.5 times higher than that of undoped 

CeO2, based on photo-catalytic results. The synergistic effect of photo-generated high 

electron hole pair concentration and OH● radicals generated in the catalytic reaction 

may be the cause of this increased photo-catalytic reduction of organic pollutants. Y-

doped CeO2 nanoparticles may remove organic contaminants from aqueous solutions 

and are a great catalyst when activated by UV-Vis light. Because of their structural 

flexibility, Y-doped nanoparticles are suitable for a wide range of applications due to 

their stability and catalytic activity. 

 
Chapter 4: 

 In this chapter, undoped and Ag-doped CeO2[Ce1-xAgxO2] (x = 0.00, 0.03, 0.05 

and 0.07) nanoparticles are synthesised efficiently using the co-precipitation method; 

the resulting samples are phase-pure and have a cubic CeO2-type crystal structure in 

space group Fm-3m; the Rietveld approach yields an average crystallite size estimate 
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of 9-13 nm. Both the undoped and Ag-doped samples exhibit significant light 

absorption in the near-ultraviolet region due to a substantial charge transfer from O2- 

to Ce4+ ions, which may find use as a UV absorber. Ag-doped CeO2 nanoparticles are 

suitable for usage in white light applications since their CIE diagram shows a white 

colour emission. The Ce3+/Ce4+ ratio has been found to have grown in tandem with 

the doping concentration by the observed by XPS. However, as the doping 

concentration increased, the concentration ratio decreased. The ratio Ce3+/Ce4+, which 

represents the amount of oxygen vacancies, displayed a pattern that was comparable 

to electrochemical properties. Because doping with an excess concentration (more 

than 5%) lowers the number of oxygen and the performance of electrochemical 

characteristics, it follows that utilising the optimal concentration of Ag is crucial. The 

CAO5 sample has the highest specific capacitance of any sample, measuring 363.44 

F/g. The maximum values of energy density and power density for the CAO5 sample 

are 125.08 Wh/kg and 652.48 W/kg, respectively, at a current density of 0.6 A/g. The 

CAO5 electrode's high-rate performance, low contact resistance, and superior 

electrical conductivity made it a particularly appealing option for practical uses. 

Furthermore, a very minor 6.09% decrease in the super-capacitance value is found for 

the CAO5 electrode with 2100 cycle cyclic durations. According to these findings, the 

CAO sample may find usage in electrochemical supercapacitor applications. 

 
Chapter 5: 

 In this chapter Cd-doped CeO₂ nanoparticles [Ce1-xCdxO2] (x = 0.00, 0.03, 

0.06 and 0.09) nanoparticles synthesised using the co-precipitation method reports 

that doping reduces particle size while increasing oxygen vacancies, which is useful 

for a variety of applications. XRD and TEM reveal the formation of nanoparticles 

ranging in size from 4 to 12 nm, as well as a cubic fcc structure. Cd-doped CeO₂ has a 

lower band-gap energy compared to undoped CeO₂ (from 3.39 to 2.96 eV), implying 

better absorption of visible light. The Ce 3d XPS spectra show a mixture of Ce⁴⁺ and 

Ce³⁺ oxidation states. The higher ratio of Ce³⁺ to Ce⁴⁺ in Cd-doped samples indicates 

that Cd doping stimulates the creation of oxygen vacancies, potentially improving the 

material's electronic structure. Cd 3p and 3d XPS typically show two notable peaks 

(Cd 3p3/2, 3p1/2) and (Cd 3d5/2, Cd 3d3/2) indicating Cd²⁺ oxidation states. However, 

depending on the doping concentration, the addition of Cd ions either increases 

magnetic susceptibility or results in RTFM. Oxygen vacancies produced by Cd 
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doping is responsible for the enhanced magnetism; it causes localized magnetic 

moments, charge imbalances, and lattice distortions that encourage magnetic 

exchange interactions. Defect-induced magnetism is produced by mixed valence 

states (Ce³⁺/Ce⁴⁺). CeO₂ nanoparticles can be used in spintronics and magnetic 

semiconductor applications because Cd doping enhances their magnetic responsiveness. 

 
Chapter 6: 

 To highlight the new findings on the structural, optical, electronic structure, 

magnetic, and electro-chemical properties of 4d cations-doped CeO2 nanoparticles for 

their potential applications in various field, the sixth chapter provides a chapter-by-

chapter summary of the entire work along with significant conclusions from the 

current thesis work. The chapter concludes with a discussion of potential avenues for 

future research and how they might affect the thesis work. 
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Abstract
The present manuscript reports the synthesis of undoped  CeO2 and  Ce1−xAgxO2 (x = 0.03, 0.05, and 0.07) nanoparticles using 

a microwave-assisted co-precipitation route to understand the Ag doping effect in  CeO2 nanoparticles. The structural and 

optical properties of these nanoparticles were investigated using x-ray diffraction, UV–Vis–NIR, and PL spectroscopy. The 

XRD result confirmed the formation of cubic fluorite structures with undoped and Ag-doped  CeO2 nanoparticles. The crys-

tallite size of Ag-doped  CeO2 nanoparticles was observed within the range of 26–47 nm. The absorption peak was observed 

using UV–Vis–NIR spectroscopy and obtained at below 400 nm, indicating a blue shift with the incorporation of  Ag+ ions 

in the  CeO2 nanolattice, and the causes are explained in terms of the BM effect and electronic transitions. The PL measure-

ments were taken to determine the defects and excitation wavelength. The prepared samples depicted good luminescence 

properties with a high value color rendering index (CRI). The results demonstrated that Ag-doped  CeO2 nanoparticles can 

be used for white light emission, since the structural and optical properties of semiconductors were enhanced upon doping 

with elements such as Ag. Therefore, these nanoparticles may act as promising candidates for various applications such as 

UV-absorption, photocatalysis, light-emitting diodes, luminescence, and optoelectronics.

Keywords Ag-doped  CeO2 nanoparticles · absorption spectroscopy · oxygen vacancies and defects · blue shifting · 

photoluminescence · CRI · white light emission

Introduction

Nanocrystal-based optoelectronic devices have been suc-

cessful in the area of device research. their emitters have 

been proven to have wide application, especially in white 

light sources. Generally, light-emitting diodes (LEDs) are 

more commonly preferred owing to their good advantages 

over conventional lamps.1 Since the light industry, includ-

ing factories, offices, laboratories, streets, workshops, and 

public places, require more illumination with white light for 

performing tasks such as writing, reading, and detection, 

white LEDs are thus inevitable at such places. The color 

field of LEDs is characterized as “warm white” (< 3300 K), 

“neutral white” (3300–5300 K), and “cool light” also known 

as daylight (> 5300 K), based on the IEC standard. Lamps 

with a correlated color temperature (CCT) (> 4000 K) or 

more with the color neutral white are recommended for illu-

mination in professional applications.2 The main purpose 

of this manuscript is to lay out the structural, optical, and 

photoluminescence characteristics of Ag-doped  CeO2 nano-

particles. Cerium oxide (ceria or  CeO2), a rare-earth oxide 

semiconductor, which has recently attracted much interest 

due to its exceptional unique features and possible uses, 

which include solid oxide fuels and superior electrocata-

lytic performance.3 The transition of Ce from a  Ce4+ ion to 

a  Ce3+ ion allows it to be widely used for oxidation reactions 
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