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PREFACE 

 
 The considerable deterioration in the quality of soil, air and 

water due to the increased amount of pollution in these segments; 

which aroused due to the fast development of industries and economic 

growth has become one of the great concerns in the present scenario. 

The incomplete combustion of fossil fuels in thermal power plants, 

incinerators and vehicles generates a huge amount of gaseous 

pollutants such as CO and unburnt hydrocarbons in the atmosphere 

which causes detrimental effects on atmosphere such as formation of 

photochemical smog, acid rain, global warming etc. in addition to the 

harmful health effects on the creatures on earth. Also, the large 

consumption of chemical products by the increased population around 

the world leads to the establishment of more number of chemical 

industries which introduce various chemical pollutants in the water 

bodies. Some of the important classes of pollutants detected in 

waterbodies are antibiotics, dyes and nitro aromatic compounds. 

Presence of antibiotic norfloxacine, which is a fluoroquinolone 

antibiotic in water leads to the spread of antibiotic resistant bacteria 

and also harmful to the aquatic organisms. Presence of azodyes such as 

Congo red poses long term health hazards to human beings as they are 

toxic, carcinogenic and mutagenic in nature. Thus it is of great 

significant to eliminate these gaseous as well as water pollutants by 

some effective methods. 

Selective and sensitive detection of polynitroaromatics such as 

picric acid in the environment is crucial since even trace amount of its 



  

presence causes several health issues such as headache, dizziness, 

nausea, vomiting, irritation to eyes/skin and also effect organs in the 

respiratory systems and liver. Similarly, an accurate and rapid 

determination of H2O2 in biological systems is of great relevance since 

H2O2 is an important reactive intermediate formed in human being as a 

byproduct of metabolic reactions.  

Green synthesis of metal oxide nanoparticles using biological 

media have been developed recently to avoid the toxicological effect of 

synthesis and to produce biocompatible nanoparticles. Plant extracts 

have been proved to be a major source of various bioactive organic 

compounds which act as reducing, chelating and stabilizing agents in 

the preparation of nanoparticles with reduced size and agglomeration. 

  The present work deals with the synthesis of CeO2 

nanoparticles by green methods and the characterization of the 

synthesized materials using different analytical techniques. Here we 

have synthesized CeO2 nanoparticles by sol-gel method using various 

phytochemicals present in garlic and fenugreek extracts as the 

chelating agents and stabilizing agents. The material synthesized using 

garlic extract are used as effective adsorbents as well as photo Fenton 

catalysts for the removal of Congo red dye; whereas that synthesized 

from fenugreek extract was applied in the fluorescence sensing of 

picric acid. CeO2 nanoparticles in ultra small dimension could be 

prepared using 2 M ammonia as the precipitating agent which have 

been utilized as an effective photocatalyst in the degradation of 

antibiotic norfloxacin. Impregnation of cobalt into ultrasmall CeO2 

nanoparticles synthesized by ammonia precipitation method lead to the 



  

formation of cobalt doped CeO2 catalysts that are effectively used for 

the simultaneous removal of CO and model hydrocarbon pollutant 

propane. The same series of catalysts have also been used as a 

peroxidase-like catalyst in the colorimetric detection of H2O2. 

 This thesis is structured into 7 chapters. Chapter 1 gives an 

introduction into ceria nanostructures and its important properties, 

applications and synthesis strategies. Chapter 2 explains the materials 

and methods employed for the sample preparation, material 

charactrization and their applications. In the chapter 3, preparation of 

ultrasmall CeO2 nanoparticles by precipitation method using ammonia 

of different concentration as the precipitating agents and their 

applicability in the photocatalytic degradation of antibiotic norfloxacin 

has been investigated. Chapter 4 describes the development of 

mesoporous CeO2 nanoparticles using garlic extract for the removal of 

Congo red dye via adsorption as well as photo Fenton degradation. 

Chapter 5 discusses about the synthesis of CeO2 nanostructures by sol-

gel method in presence of fenugreek extract for the selective sensing of 

picric acid via fluorescence quenching method. In chapter 6, the 

preparation of cobalt doped CeO2 samples and its application for the 

simultaneous removal of CO and propane; and also its applicability in 

the colorimetric sensing of H2O2 is narrated. Thesis is concluded with 

chapter 7 that summarizes the present work, which deals about the use 

of CeO2 based materials for the removal of above mentioned pollutants 

from air and water; and also for the optical sensing of picric acid and 

H2O2. 
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1.0 Cerium 

Cerium is one of the rare earth elements with the symbol Ce and 

atomic number 58. It is a silvery-white colored, ductile,soft metal that 

can be cut even with a knife. This element belongs to the lanthanide 

series (second element) and is the 26th most abundant element on the 

earth’s crust. Cerium was discovered in Sweden by Jöns Jakob 

Berzelius and Wilhelm Hisinger in 1803, and independently by Martin 

Heinrich Klaproth in Germany,in the same year. The name cerium was 

suggested by Berzelius, after the name of the dwarf planet Ceres, 

which was discovered two years earlier [1]. Its electronic configuration 

is [Xe]4f15d16s2, in which the energy of the 4f electrons is nearly the 

same as that of 5d and 6s electrons and gives rise to two oxidation 

states [2]. Thus cerium shows the formal oxidation state of +3, 

characteristics of lanthanides, and can be oxidized to its stable 

oxidation state of +4 [3]. At standard pressure, four allotropic forms 

are known to exist at different temperatures, which are δ-cerium 

(body-centered cubic crystal), γ-cerium (face-centered cubic crystal), 

β-cerium (double hexagonal close-packed), and α-cerium (face-

centered cubic crystal) [4]. Four stable isotopes of cerium exist in 

naturally occurring cerium, in which 140Ce is the most common isotope 

(88.4%). 136Ce (0.19%), 138Ce (0.25%), and 142Ce (11.1%) are the other 

three isotopes, which undergo double beta decay and alpha decay to 

the isotope of barium [5]. There is an abundance of 140Ce,as it has a 

closed neutron shell of 82 neutrons and a very low cross-section 

towards further neutron capture [6]. Bastnasite (a rare earth 

fluorcarbonate mineral), Monazite (a rare-earth phosphate), and 
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Loparite are the principal ores of cerium. The deposits of these ores 

occur in California, Nebraska, United States, Australia, Mongolia, and 

China. Solvent extraction, selective precipitation, and ion-exchange 

methods are used for the commercial production of cerium [7]. The 

purified cerium should be stored under an inert atmosphere to avoid 

oxidation. Cerium metal is a pyrophoric substance and readily burns at 

150 ℃ to form cerium(IV)oxide, which can reduce to cerium(III) 

oxidewith hydrogen gas [8]. Cerium, the electropositive metal, forms 

cerium hydroxides and halides in reaction with water and halogens [9]. 

The standard electrode potential of the Ce4+/Ce3+ couple depends on 

the presence of surrounding anions. The representative value is +1.72 

V, and that for  Ce3+/Ce is -2.34 V [10]. Cerium metal is primarily 

used in the preparation of ferrocerium-fired steel metal alloy, which 

applies in lighter flints. It is also added in small quantities to alloys as 

an oxygen scavenger to impart oxidative resistance. Compounds of 

cerium have a variety of uses: for example,cerium fluoride can use as 

an additive to lubricants, cerium carboxylates to improve the properties 

of silicone polymers, cerium(IV) sulfates as standard reagents for 

volumetric analysis in cerimetric titrations, andcerium nitrate for 

antimicrobial treatment for third-degree burns [11-14]. Among the 

compounds of cerium, cerium(IV) oxide, also known as ceria, is the 

most commonly used, in a wide variety of applications. 

1.1 Cerium oxide (Ceria) 

Cerium(IV) oxide is the important oxide of cerium,which is also 

known by different names such as ceric oxide, ceric dioxide, ceria, 
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cerium oxide,and cerium dioxide. It is a pale yellow-white powder 

with the chemical formula CeO2. Ceria is formed mainly by the 

calcination of cerium oxalate or cerium hydroxide. It is an intermediate 

in the process of isolation of cerium metal from its ores. Ceria and 

ceria-based materials have been a subject of surplus research, both in 

the academy and in industries, due to some of their exceptional 

properties [15]. The distinctive property that makes it applicable for 

versatile applications is its ability to undergo reversible conversion to a 

non-stoichiometric oxide [16]. The important physical properties of 

ceria are given below intable 1.1 [3,13]. 

Table 1.1 Physical properties of ceria 
Property Value 

Molecular weight 172.115 (g/mol) 

Appearance white or pale yellow solid 

Density 7.215 (g/cm3) 

Melting point 2400 °C (4,350 °F; 2,670 K) 

Boiling point 3500 °C (6,330 °F; 3,770 K) 

Solubility Insoluble 

Odor Odorless 

Toxicity No 

Thermal conductivity 12 Wm-1K-1 

Electrical conductivity 2.48 x 10-8 S/cm at room 

temperature 

Magnetic susceptibility +26.0x10−6 cm3/mol 

Crystal structure cubic fluorite 
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1.1.1 Structure of CeO2  

Among the two oxidation states of cerium, the Ce4+ state is 

more stable due to its stable [Xe]4f0 configuration,as compared to the 

Ce3+ state which has [Xe]4f1 electronic state. Analysis of the 

thermodynamic parameters shows that cerium metal is unstable in the 

presence of oxygen, and intermediate oxides are formed whose 

stoichiometry depends on the temperature and oxygen pressure [17]. 

Among these, the formation of two extreme compositions i.e., 

Ce2O3(cerium sesquioxide) and CeO2are spontaneous since the free 

energy of the formation of these oxides at 298 K is -1796 KJ/mol and -

1089 KJ/mol respectively [18]. CeO2 has a fluorite structure with a 

face-centered cubic (FCC) unit cell with space group Fm3m (a = 

0.541134 nm, JCPDS 34-394).  

In this structure, each Ce cation is surrounded by eight 

equivalent oxygen anions at the corners of a cube, and each anion is 

coordinated by four cations forming tetrahedra as shown in figure 1.1 

[19]. The removal of O2- anions from the ceria lattice results in the 

generation of anion vacant sites according to the following equation, 

thereby forming reduced ceria. 

4Ce4+ + O2- → 4Ce4+ + 2e/□ + 0.5O2 → 2Ce4+ + 2Ce3+ + □ + 0.5O2 

  (1.1) 

where □ represents an anion-vacant site (an empty position) originated 

from the removal of O2- from the lattice.  
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Fig 1.1  FCC structure of ceria [19] 

The electrical neutrality is maintained by the conversion of two 

Ce4+ ions into Ce3+ state. At temperatures greater than 685 ℃ and at 

low oxygen pressures,non-stoichiometric oxygen-deficient oxides are 

formed with composition in the range 1.714<x<2 for CeOx, which are 

called α phase ceria [20]. This phase is stable at high temperatures and 

has a disordered non-stoichiometric fluorite-related structure. The 

lattice parameter (a) calculated from the high-temperature XRD pattern 

shows that the value increases as x decreases or with the increasing 

content of Ce3+ [21]. This is because the ionic radius of Ce3+ (1.14 Å) 

is larger than that of Ce4+ (0.97 Å) [22]. As the temperature is lowered, 

the α phase transformsinto a series of fluorite-related phases with the 

general formula CenO2n-2m [23]. Some of the important phases 

observed in between the composition CeO2 to CeO1.714 are Ce6O11 (the 
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β phase, monoclinic), Ce11O20 (the δ phase, triclinic), Ce7O12 

(rhombohedral), and Ce9O16 (γ phase, rhombohedral) [24-26].  

1.1.2 Defects in Ceria 

Dislocations of atoms or ions from the crystal lattice may break the 

symmetry of the perfect ceria crystal lattice. In ceria, both intrinsic and 

extrinsic defects can occur. Intrinsic defects may arise due to the 

disorder in the crystal and can be formed by the redox reaction of the 

solid with some gases in the surrounding atmosphere. Frenkel and 

Schottky defects are the main intrinsic defects in CeO2. Extrinsic 

defects arise due to the incorporation of some impurities into the 

lattice. The Schottky type (eqn.1.2) and Frenkel type (equation 

(eqn)1.3 and 1.4) defects seen in ceria crystals are represented by 

Kroger and Vink defect notation; 

CeCe + 2OO ↔ V’’’’ Ce +2Vo + CeO2 ΔE = 3.53eV (eqn 1.2) 

CeCe  ↔ Cei
…. + V’’’’ Ce                        ΔE = 11.11 eV   (eqn 1.3) 

OO ↔ Oi
’’ + Vo     ΔE = 3.2 eV (eqn 1.4) 

where OO and CeCe represent oxygen and cerium at their respective 

lattice sites, Vo and V’’’’ Ce respectively indicate oxygen and a cerium 

vacancy; Cei
…. andOi

’’ a cerium and oxygenion in interstitial position. 

A dot (•) is indicated for each positive charge and a prime (') for each 

negative charge. The predominant defect category in ceria is the anion 

Frenkel-type as evidenced by the energy value that leads to the 

formation of pairs of oxygen vacancies and oxygens in interstitial 

positions [27]. However, this does not affect the stoichiometry of ceria 
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as the concentrations of this type of defect are very low. When exposed 

to reducinggaseous atmospheres, the concentration of defects 

increases.In that state, ceria has a higher content of cerium compared 

to the anion, i.e., the cation/anion ratio becomes greater than 0.5. For 

each oxygen ion removed, two electrons are introduced into the crystal 

to maintain electrical neutrality. These electrons are associated with 

two cerium atoms that will change the oxidation state of cerium from 

+4 to +3. The process is represented as,  

CeO2 ↔ CeO2-x + x/2O2(g);  x<0.5  (eqn 1.5) 

It can also be represented by the following defect reaction 

CeO2 ↔ 2xCeCe
’+ (1-2x)CeCe + xVo + (2-x)Oo + 0.5xO2(g)   

       (eqn 1. 6) 

The reaction shows that as x moles of atomic oxygen are removed 

from the lattice, the corresponding quantity of O2- sites are occupied by 

oxygen vacancies leaving 2-x moles of O2- anions in their original 

positions. 2x moles of Ce3+is formed (Ce'Ce), leaving l-2x moles of 

Ce4+. 

1.1.3 Properties of Ceria 

1.1.3.1 Oxygen Storage Capacity and Redox Properties 

A wide range of applications of ceria and ceria-based materials 

in catalytic oxidation of exhaust gases, water gas shift reaction, 

hydrocarbon reforming,etc.are associated with the oxygen storage 

capacity (OSC) a fundamental property of ceria [28-30].Ceria can store 

oxygen under oxygen-rich conditions and release oxygen under 
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oxygen-deficient conditions. This property is termed the oxygen 

storage capacity (OSC) and it makes ceria excellent support of noble 

metals in the treatment of exhaust gases to operate in a wide range of 

air/fuel ratios (λ) under dynamic conditions [31-32]. The OSC of a 

solid is defined as the concentration (µmol O·g−1) of the most reactive 

and readily available (labile) oxygen atoms in the solid. The oxygen 

storage capacity complete (OSCC) of a solid is defined as the 

maximum concentration (µmol O·g−1) of oxygen species removed 

from the solid under the prevailing experimental conditions for the 

measurement (e.g., pulse size, T). OSC of ceria is attributed to the 

rapid conversion of cerium between +3 and +4 oxidation states after a 

change in exhaust-gas composition between fuel-lean and fuel-rich 

conditions. Under these conditions, ceria undergoes rapid oxidation 

and reduction, and the composition changes between CeO2 and CeO2-x 

according to equation (1.5) [33-34].The redox properties of ceria are 

investigated by OSC measurement. Total OSC can be obtained from 

temperature-programmed reduction (TPR) and reoxidation. The 

common reductants used are CO, H2, and hydrocarbons (HCs), and 

oxidants are O2 and NO [35-38]. The OSC values of ceria depend on 

several factors such as surface area, particle size, thermal or chemical 

treatment, synthetic procedures, etc. [39]. Incorporation of other metals 

such as Zr, Cu, Ni,etc., will improve the OSC of ceria through the 

formation of structural defects and local compound formation[40]. 

Supported metals like Ru, Ir, Pd, and Pt also increase the OSC by 

activating oxygen species of the support [41]. 
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1.1.3.2 Electrical Properties: Ionic and Electrical Conductivity 

Ceria is considered as a semiconductor with both electronic and 

ionic conduction and the application of ceria as a solid electrolyte is 

based on these properties [42]. The properties of electrical conduction 

and oxygen diffusion depend on the factors such as temperature, 

oxygen partial pressures, and the presence of dopants which in turn 

affect the concentration and mobility of lattice defects. The total 

conductivity in CeO2-x is the sum of the contributions from electrons, 

holes, and oxygen vacancies, which are the primary charge carriers in 

ceria. The conductivity is given by the equation, 

σt = [CeCe
’] eµe + [h.] eµh  + [Vo] 2eµVo (eqn 1.7) 

In the equation,in the RHS, the first term is the contribution of 

electrical conductivity, the second term is due to the presence of holes, 

the third is the ionic conductivity, and µ is the mobility of the carrier. 

The ionic transport results from the hopping of oxide ions to the vacant 

sites and the ionic conductivity increases with increasing oxide ion 

vacancy concentration which at 1000 °C is estimated to be ca. 7×10−2 

Scm−1 for CeO1.9 [43]. The n-type conductivity (electronic 

conductivity, σe) in ceria is due to small polaron transport [44-45]. A 

polaron is a defect formed when an electronic carrier is trapped at a 

given vacancydue to the displacement of adjacent atoms or ions in the 

crystal lattice. This defect (an electron or electron-hole) migrates by 

thermally activated hopping. CeCe
’ is identified as the polaron in CeO2-x. 

In the vicinity of stoichiometry (up to x ≈ 10−2), electronic conductivity 
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is proportional to x and saturation occurs at x ≈ 0.04, and σe has a 

broad maximum with a peak value at x ≈ 0.1.p-type conductivity 

(electron-hole) also has been observed in ceria in the temperature 

range of 600 °C –1100 °Cat oxygen pressure ≈ 1–400 atm [46]. 

Electron-hole mobility is estimated to be significantly lower than that 

of electrons at the same temperature [47].  

1.1.3.3 Optical Properties 

The bandgap of ceria nanoparticles can be calculated from the 

edge of the optical absorption band [48]. Making use of the 

dependence of the absorption coefficient α on the energy of a light 

quantum hν; 

αhʋ = C (hʋ-Eg)
n             (eqn 1.8) 

where n = 1/2  for direct transitions and n = 2  for indirect transitions. 

By plotting (αhν)2 against the photon energy, the intersection on the x-

axis gives the value of direct bandgap energy Eg. In ceria, an important 

factor affecting the bandgap energy is the concentration of oxygen 

vacancies or conversion of Ce4+ into Ce3+ state. When all the cerium 

ions exist in a 4+ oxidation state or no oxygen vacancies are present, 

the bandgap is 4 eV for CeO2. When Ce3+ ions are present in the 

lattice, it will generate a trap state at 3 eV above the CeO2 valence 

band, which corresponds to the Ce5d - Ce4f transition [49].The 

bandgap of Ce2O3 is determined to be in between 3.04 eV – 3.7 eV and 

depends on the synthesis method and particle size [50]. If the bandgap 
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of ceria is close to 3 eV, then the crystal containsa higher concentration 

of Ce3+ and oxygen vacancies.  

Though ceria is quite transparent to visible light, it strongly 

absorbs ultraviolet light on account of the charge-transfer transition 

from O(2p) to the Ce4+(4f) orbital [51]. Ultrafine ceria crystals show a 

red shift in absorption, and an associated green-colored emission is 

shown that can attribute to the higher concentration of Ce3+ ions in the 

lattice [52]. The surface entropy of Ce3+ ions is higher than that of the 

bulk, so most of the surface ceria atoms exist in the Ce3+ state. With an 

increase in surface area (or decrease in particle size), the Ce3+ to Ce4+ 

ratio also increases.  These Ce3+ ions will form an intermediate band in 

between the valence band and conduction band of ceria. Consequently, 

electron excitation takes place from the valence band to this newly 

formed intermediate band having lower energy that results in a redshift 

of absorption [53]. Ceria thin films are suitable for applications in 

optical, electro-optical, microelectronic, and optoelectronic devices 

because of their high refractive index (2.05) and dielectric constant. 

Also, ceria appears natural on the skin without imparting an excessive 

pale-white look.  Thus ceria is used in personal care products as a UV 

blocking material. For such applications,the photocatalytic activity of 

ceria has to be suppressed as it generates reactive oxygen species. 

1.1.4 Nanosize Effect 

Nanoparticles exhibit distinctly different physicochemical 

properties compared to their bulk counterparts, and this is one of the 
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motivating forces for the fast development of nanoparticle synthesis 

[54]. On decreasing the particle size to the nanorange, the surface to 

volume ratio increases and enables ceria to react differently and exhibit 

unique properties. Ceria nanostructures show several size-induced 

property changes such as lattice expansion, the blueshift in ultraviolet 

absorption spectra, Raman-allowed mode shifting and broadeningas 

well as pressure-induced phase transformation. With a reduction in the 

particle size, cerium tends to exist as Ce3+ ions, resulting in more 

oxygen vacancies.Tsunekawa et al. studied the lattice expansions in 

monodisperse CeO2−x nanoparticles using electron diffraction 

experiments [55]. X-ray photoelectron spectroscopy (XPS) results 

showed that the reduction of Ce4+ into Ce3+ ions decreases the 

electrostatic force of attraction among the lattice points ultimately 

leading to lattice expansion (lattice relaxation).The lattice expansion 

can be observed in ceria nanoparticles with an average size range of 4–

60 nm, and Zhou et al. reported that in ultra-small ceria nanoparticles 

(1.1 nm), a major fraction of cerium atoms attain the fully reduced 

state, despite retaining the cubic lattice. The size and strain in 

nanoparticles resultedin the broadening of the diffraction line. In 

particles with a size less than 5nm, the size contributes to line 

broadening, whereas for larger crystals,the strain effect dominates. 

Zhang et al. studied the change in absorption wavelength with a 

change in particle size. For the particlesin the range of 4-7 nm, both the 

direct and indirect bandgap energies increase due to the quantum size 

effect, which is evident from the blue shift in the absorption band [56-
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57]. But for nanocrystals with size < 5nm, the bandgap energy remains 

almost unchanged since the blue-shifting due to the quantum size 

effect counteracts the redshift due to the dielectric confinement effect 

[58]. Spanier et al. studied the Raman spectra of CeO2−y nanoparticles 

and observed that the peak position of the triply degenerate Raman line 

at 464 cm-1is shifted to lower energies, broadened, and becomes 

asymmetric on the low energy side [59]. This change occursdue to a 

combination of strain and phonon confinement effects. In most 

catalytic applications, the particle size determines the performance of 

ceria. Thus we can tune the reactivity of the ceria catalyst by 

controlling the size of the nanoparticles, which can be accomplished by 

adopting suitable synthesis strategies and synthetic conditions. 

1.1.5 Synthesis Methods of Ceria 

Some of the properties of ceria, such as its crystalline phase, 

particle size, surface area, catalytic activities, and OSC, etc., depend 

strongly on the synthesis methods. So many researchers have focused 

on the synthesis strategies with several modifications to develop ceria 

nanoparticles having excellent catalytic applications. Some common 

methods for the synthesis of ceria include solution precipitation, 

hydrothermal, solvothermal, ball milling, thermal decomposition, 

spray pyrolysis, thermal hydrolysis, and sol-gel [60].  Recently, bio-

mediated synthesis is also investigated, which usesbiomolecules or 

natural products as stabilizing agents of CeO2 nanoparticles. 
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1.1.5.1 Precipitation and Co-precipitation Method 

Precipitation is a simple and easily operable method to prepare 

ceria nanomaterials and utilizes a chemical precipitating agent to 

precipitate cerium salt in a liquid medium. Usually, cerium is 

precipitated as hydroxide or oxalate by adding alkali solution or oxalic 

acid to an aqueous solution of a cerium salt. Heat treatment of the 

precipitate under suitable temperature gives ceria. Several factors such 

as the pH value and concentration of the aqueous solution, nature of 

the precipitating agent, reaction temperature, aging time, etc., affect 

the morphology and particle size of the material formed [61]. In some 

processes known as homogeneous precipitation, precipitants are 

generated simultaneously and uniformly throughout the solution using 

a controlled release of the participating species by some chemical 

reactions in the solution medium. For example, urea or 

hexamethylenetetramine on heating in an aqueous solution liberates 

ammonia to cause precipitation of cerium salt [62]. The co-

precipitation method is the commonly used one for the preparation of 

mixed oxides, in which salts of several metals are dissolved in the 

same solvent and precipitated simultaneously. Chen et al. studied the 

effect of reaction temperature and oxygen content of the O2/N2 

atmosphere in the precipitation method and found that the average 

particle size increased by either raising the reaction temperature or 

lowering the oxygen content [63]. Several other researchers also have 

reported the synthesis of ceria by using NH4OH, NH4CO3, NaOH, etc., 

as the precipitating agents [64-65]. 
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1.1.5.2 Hydrothermal/Solvothermal Treatment  

The solvothermal process is carried out under controlled 

temperature and pressure in autoclaves in which the precursors and 

solvent are mixed. The reflux of solvent vapor can elevate the reaction 

temperature and reaches the pressure of vapor saturation while the 

temperature of the reaction and the amount of solution determine the 

internal pressure in the autoclave. Thus it is possible to control the 

morphology, size distribution and crystallinity of the nanocrystals 

formed [66]. The nature of solvents and reactants used, the solubility 

and ionic properties, and their changes at elevated temperatures play a 

prominent role in producing high-quality ceria nanocrystals [67]. 

Aqueous NaOH solution, PO4
3-, urea, NH4OH, and H2O2 are the 

commonly used solutions in hydrothermal synthesis [68-72]. Single-

crystalline nanopolyhedra exposed (111) and (100) crystal planes, 

nanorods exposed (110) and (100) crystal planes and nanocubes that 

exposed (100) planes are synthesized by using different concentrations 

of NaOH at 100-180 ℃ temperatures [73]. Mai et al. suggested the 

three main factors leading to the shape evolution: the development of 

hexagonal Ce(OH)3 intermediate species, conversion of Ce(OH)3 into 

CeO2 at elevated temperature, and the base concentration [74]. Small 

organic acids such as C2H5COOH were also used as structure-directing 

agents in hydrothermal synthesis to synthesize mesoporous spheres 

with high surface-to-volume ratios having uniform size distributions 

[75]. CeO2 nanoplates, nanotubes, and nanorods were successfully 
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synthesized hydrothermally by using hexadecyltrimethylammonium 

bromide (CTAB) as a structure-directing agent, in which the shape of 

the nanomaterial formed depended on the temperature, reaction time, 

and CTAB/Ce(III) ratio [76]. The presence of anions in the reaction 

medium also affects the morphology and properties of synthesized 

ceria, as they selectively interact with specific facets of the 

nanocrystals during the synthesis [77]. 

1.1.5.3 Thermal Decomposition (Thermolysis) 

 In this method, heat is continuously applied to the ceria 

precursor and is converted to ceria at its decomposition temperature. 

The process is endothermic, and heat energy is absorbed to break the 

chemical bonds. Monodisperse nanocrystals can be obtained by this 

method. Uniform CeO2 nanoflowers have been reported by Zhou et al. 

by the rapid thermolysis of (NH4)2Ce(NO3)6 in mixed solvents 

containing oleic acid (OA) and oleylamine (OAm). CeO2 nanoflowers 

with another cubic, four-petaled, and star-like shapes were also 

prepared by varying the reaction conditions such as solvent 

composition, precursor concentration, thermal decomposition 

temperature, and time [78]. Monodispersed CeO2 nanopolyhedra were 

reported by Si et al. through thermal decomposition of its 

benzoylacetonate complex in OA/OAm mixed solvents, in which these 

molecules act as capping agents [79].  
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1.1.5.4 Sol-Gel Method 

This method is particularly suitable for the preparation of 

ultrafine oxide materials at relatively low temperatures. In this process, 

metal alkoxides dissolved in alcohol or metal salts undergo hydrolysis 

and polymerization or peptization to form a sol. The removal of the 

solvent phase/charge leads to a continuous network of connected 

particles called a gel. The gel after drying and heat treatment at 

suitable temperatures give ceria having a large surface area, suitable 

for various applications. For the preparation of ceria-based oxides by 

the sol-gel method, cerium isopropoxide, cerium acetylacetonate, 

cerium nitrate, etc., are used as the precursors. Since the hydrolysis-

condensation of molecular precursors is too rapid, to control the 

microstructure of the obtained product, chelating ligands such as 

organic additives are added in the process to modify the reactivity of 

the reagents [80]. Several research groups have reported the synthesis 

of well-crystallized CeO2 microspheres by this method in solvents such 

as ethanol, diphenyl ether together with benzyl alcohol, OA/OAm as 

co-surfactants, etc. [81-83]. 

1.1.5.5 Flame Spray Pyrolysis (FSP) 

In Flame spray pyrolysis, a metal-organic precursor dissolved 

in alcohol is sprayed into a combustion chamber along with an 

oxidizing gas. The spray undergoes combustion inside the chamber to 

decompose the precursors to produce metal oxide or metal. Both ceria 

and mixed oxides of ceria with high purity and crystallinity can be 
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obtained by this method, by using appropriate precursors and solvents 

under suitable operating conditions [84]. Pratsinis et al. have 

synthesized ceria from cerium acetate precursors in acetic acid solution 

with the addition of iso-octane/2-butanol mixture solution [85]. It is 

possible to control the size distribution, phase, morphology, specific 

surface area, and composition of the nanoparticles by controlling the 

oxygen dispersion and flow rates of the liquid precursor. Feng et al. 

synthesized ceria and ceria titania mixed oxide spherical morphology 

by FSP method by dissolving cerium and titanium mixture precursors 

in a flammable solvent [86]. 

1.1.5.6 Microemulsion Method 

The microemulsion is an isotropic system containing two 

immiscible liquids such as oil and water in the presence of 

surfactants/co-surfactants, with a diameter varying from 1-100 nm. 

This method is based on the formation of micelles or reverses micelles. 

When the microemulsions containing the reactants are mixed, an 

interchange of the reactant molecules takes place due to the collision of 

nanodroplets, and the final size of the particles is controlled by the 

droplet size. After attaining the final size, the surfactant molecules 

prevent further growth of the particles and thus can control the particle 

size of the material. Micelles with different shapes such as ellipsoids, 

cylinders, and bilayers can be obtained depending on the molecular 

geometryof the surfactants and reaction conditions such as surfactant 

concentration, pH, temperature, and ionic strength of the solution [87]. 
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Masui et al. have synthesized ultrafine ceria nanoparticles using 

microemulsions of cerium nitrate and ammonium hydroxide by 

reversed micelles method [88]. CeO2 nanoparticles with size 

distribution in the range of 6–16 nm were prepared by Kaskel et 

al.using an inverse microemulsion technique. In this process, diluted 

ammonia was added to a ternary system containing n-heptane, 

surfactant, and cerium nitrate solution to produce nanosized Ce(OH)3 

particles inside the micelles. Cerium dioxide nanoparticles possessing 

good soot combustion activity were obtained after filtration and drying 

processes [89]. 

1.1.5.7 Green Synthesis Methods 

To prepare biocompatible CeO2 nanoparticles, several bio-

directed methods have been studied, in which natural and organic 

matrices are used as the stabilizing agents. These green approaches 

involve plant-mediated, nutrient-mediated, and biopolymer-mediated 

syntheses. Photosynthesis of CeO2 nanoparticles has been reported by 

several researchers using plant extracts, such as Olea europaea, G. 

superb, Prosopis juliflora, aloe vera, Acalypha indica, Datura metal, 

Origanum majorana L., Sida acuta, Azadirachta indica, Pisonia alba, 

etc., in which the different organic moieties in the extract act as 

stabilizing and capping agents of CeO2 nanoparticles [90-99]. 

Nutrients and natural materials, such as egg white (EW) protein, and 

honey were also used for the synthesis [100-101]. The two proteins of 

EW, ovalbumin, and lysozyme acted as green binders/stabilizing 
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agents. Biopolymers are also used as templates for the bio-directed 

synthesis of ceria nanoparticles. Here the hydroxyl groups get attached 

to the ceria nanoparticles, and the particle size can be controlled. 

Biopolymers such as starch, agarose, gum tragacanth, dextran, etc., 

have been used as stabilizing and coating agents by different groups 

[102-104]. 

1.1.5.8 Other Preparation Methods 

In addition to the above-discussed methods, several other 

methods such as electrochemical deposition, microwave-assisted 

synthesis, ultrasonic irradiation (sonochemical synthesis), etc., have 

also been used for synthesizing ceria nanoparticles [105-107]. 

1.1.6 Structural Modifications of Ceria 

When ceria is subjected to high temperature for a long time, the 

sintering of ceria particles occurs, which will decrease the OSC of 

ceria that affects the overall performance of catalytic systems in high-

temperature applications. Doping of different metals into ceria is one 

method to stabilize ceria against sintering. Among the different 

cations, zirconium has proved to be an efficient dopant to inhibit 

sintering, especially by the formation of ceria-zirconia solid solution 

[108]. Incorporation of several transitions, noble and rare earth metals 

in ceria lattice produceda higher number of oxygen vacancies by a 

charge-compensating effect of foreign cations, which increases the 

OSC of the material. Since the concentration and structure of oxygen 

vacancies depend on the type of exposed facets of a ceria crystal, it is 
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possible to tune its redox and catalytic properties by the controlled 

synthesis of different nanostructures like rodes, cubes, polyhedral, etc 

[109]. In applications such as three-way catalysts (TWC), to increase 

the catalytic performance of noble metal nanoparticles, ceria is often 

used as support that provides a high surface area for the dispersion of 

nanoparticles and also due to the strong metal-support interactions at 

the interface. The exposed facets of ceria support have a strong 

influence on the TWC reactivity of metal nanoparticles.   

1.1.7 Applications of Ceria 

As mentioned earlier, ceria is a versatile material having 

distinctive properties, among which the unique feature is the OSC. The 

presence of mobile oxygen in ceria lattice results in oxygen buffering 

action, making it suitable in several applications involving catalysis, 

sensing, electrochemical and photochemical fields, etc. Some of the 

important applications of ceria are discussed in the following sections. 

1.1.7.1 Three-Way Catalysts (TWCs) 

The environmental pollution due to large quantities of 

automobile exhaust gases could reduce to a large extent by introducing 

TWCs in catalytic converters in internal combustion engines. The 

functions of TWCs involve the simultaneous oxidation of carbon 

monoxide (CO) and hydrocarbons (HC) as well asthe reduction of 

nitrogen oxides (NOx). In catalytic converters, the catalyst is supported 

on cordierite monolith with a honeycomb structure. The catalytic 
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material contains thermally stable support usually made of doped 

Al2O3,  catalytically active noble metals like Pd and/or Pt mainly for 

oxidation and Rh for NOx reduction as well as a ceria-based promoter 

(usually CexZr1−xO2) [110]. The complete removal of all pollutants can 

happen only at a narrow window around the stoichiometric value of 

air/fuel ratio (A/F), which is about 14.6 [111]. It is not easy to attain 

this particular stoichiometry under all conditions, and the gas coming 

out from the engine always haseither lean (A/F >14.6) to rich 

conditions (A/F<14.6). The role of CeO2 in TWC is to provide oxygen 

for the oxidation of CO and HC by its reductioninto CeO2-x. On the 

other hand, the reduced ceria CeO2-xcan store oxygen and promote the 

reduction of NOx under the lean-to-rich A/F ratio transients according 

to the following equations [112]. 

CeO2 + xCO →  CeO2-x + xCO2    (eqn 1.9) 

CeO2 + CxHy → CeO2-(2x+0.5y) + xCO2 + 0.5yH2O     (eqn 1.10) 

CeO2 + xH2 → CeO2-x  + xH2O        (eqn 1.11) 

CeO2-x + xNO→ CeO2 + x/2N2     (eqn 1.12) 

CeO2-x  + xH2O → CeO2 + xH2     (eqn 1.13) 

CeO2-x + x/2O2 → CeO2        (eqn 1.14) 

One of the drawbacks of ceria in using TWC is that, when it is 

exposed to higher temperatures (around 1000 ℃) inside the engine,the 

sintering of particles occurs results in a reduction of surface area and 
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the loss of contact between ceria and the active noble metals [113]. 

This in turn affects the OSC and reduction properties of ceria and leads 

to diminishing the TWC property of ceria. The problem was solved 

using advanced TWC in which, CeO2-ZrO2 solid solution is used 

instead of pure CeO2 [114]. ZrO2 in the CeO2-ZrO2 mixed oxide 

modifies the oxygen sublattice, and introduced more Frenkel-type 

defects in the crystal, resulting in increased oxygen mobility and 

reducibility of the solid even at low temperatures, at the start of the 

engine [115-116]. Neutron activation studies show that the defects are 

annihilated in ceria on heat treatment above 800 ℃, whereasthey are 

quite unaffected in CeO2-ZrO2even at high temperatures. Also, the 

sintering phenomenon is lower in CeO2-ZrO2, while compared to pure 

ceria, and so the negative effect of the high-temperature exposure can 

be ruled out [117].  

1.1.7.2 Diesel Soot Oxidation 

The main pollutants involved in the exhaust emission of diesel 

engines are CO, HC, nitrogen oxides, and carbon particulates (soot) 

which are proven to be harmful to human health [118]. The soot 

particles can be reduced using catalytic filters on which the soot 

particles will be accumulated and canthen be oxidized in the presence 

of a catalyst to regenerate the filter [119]. Ceria-based material has 

been one of the most successful candidates for this purpose as it can 

significantly decrease the combustion temperature and provide a less 

power-consuming filter generation method [120]. Because of the 
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oxygen storage/release property, ceria can prop up the production of 

“active oxygen species” that are the key ingredients in soot oxidation 

[121]. Two mechanisms accepted for the ceria-based soot combustion 

are given in figure1.2. 

 

Fig. 1.2 Mechanism of Diesel Soot Oxidation by Ceria [122] 

One is the active oxygen mechanism in which the active 

oxygen species such as superoxides (O2
-) are formed by the interaction 

of gas-phase O2 and surface oxygen vacancies of reduced ceria 

promoting carbon oxidation [122]. The other is a NO2assisted 

mechanism based on the ability of ceria to oxidize NO. NOis a better 

oxidant than gas-phase O2 and it oxidizes soot at a lower temperature 

[123]. Low-temperature oxidation and thermal stability in ceria can be 

achieved by modifying ceria with Zr and/or other rare earth metals as 

well as by modifying ceria and/or ceria-zirconia with transition metals 

or noble metals that act as active phases. For example,CeO2 supported 

cobalt oxide prepared by ultrasonic-assisted incipient-wetness 
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impregnation displayed better soot oxidation activity than the 

corresponding CeO2 catalyst [124]. Ceria modified with rare earth 

elements like La, Pr, Sm and Y showed improved soot oxidation 

performance because of the increase in meso/macropore volume [125]. 

Trovarelli et al. reported the incorporation of alkali metals in ceria that 

promoted soot oxidation, as it favors the chemisorption of molecular 

oxygen with the formation of carbon surface complexes, which 

eventually react with soot [126]. Soot oxidation is a surface-dependent 

reaction, and so the catalytic activity can be improved by exposing 

specific surfaces [127-128]. Modification of the crystal shape having 

more percentage of (100) and (110) surfaces than less active (111) 

surfaces increases the soot oxidation at lower temperatures. This is 

attributed to the higher reducibility of these surfaces, and the higher 

number of active oxygen species in the nanostructures. As a result, 

nanocubes, nanorods, and related nanostructures with (100) and (110) 

exposed surfaces show much better soot oxidation than nanopolyhedra 

having (111) exposed surfaces. Sudarsanam et al.reported that the 

deposition of Co3O4 onto the ceria cubes substantially increased the 

catalytic activity in the low-temperature soot oxidation [129]. 

1.1.7.3 Solid Oxide Fuel Cells 

Researches in the area of solid oxide fuel cells (SOFCs) are 

celebrated recently, as fuel cells are eco-friendly and hence assure 

sustainable electrical energy.They are highly efficient in converting 

chemical energy to electrical energy, as it is not bound by the 
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thermodynamic limit of a Carnot cycle [130]. In a SOFC, a solid 

electrolyte capable of conductingoxide ions is sandwiched between the 

cathode and anode electrodes, both of which are porous. The 

electrolyte should possess high ionic conductivity and low electronic 

conductivity at the operating conditionsand must be stable in both 

oxidizing and reducing environments. Ceria can be applied in SOFC in 

three parts: (1) as an electrolyte, (2) as a barrier layer for cathodes to 

prevent reaction with the YSZ (yttria-stabilized zirconia) electrolyte, 

and (3) as a catalyst in both cathode and anode [131]. Gd, Sm, Y, and 

Ca doped ceria have been used as low-temperature electrolytes since 

they have significant electronic conductivity under reducing conditions 

[132]. Another advantage of ceria-based electrolytes is their higher 

resistance to carbon deposition, which helps the hydrocarbon fuels 

directly passedinto the anodes [133]. The catalyst morphology is 

another parameter that highly influences the SOFC performance. 

Pd@CeO2 core-shell systems are reported to be effective anodic 

catalysts when H2 and CH4 are used because the anode is extra 

stabilized when it is covered by Pd@CeO2 nanoparticles. Thus, 

activities are retained even at high temperatures during oxidizing and 

reducing atmospheres [134]. Sun et al. reported an anode based on Ru-

CeO2 catalyst having porous flower-like microsphere morphology with 

enhanced performance using isooctane as fuel [135]. Ni containing 

YSZ electrodes infiltered with ceria nanoparticles have considerably 

improved sulfur tolerance and they give a power density of 220−240 

mWcm−2 for 500 h with H2 fuel contaminated with 45 ppm of H2S.On 
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the other hand, when the electrode is used without ceria, the power 

density dropped to zero in 13 mins [136]. Much improvement in 

performance and durability was observed in Ni-samaria-doped ceria 

(Ni-SDC) instead of Ni yttriya stabilized zirconia (Ni-YSZ) as the 

anode. This is ascribed to the higher electronic conductivity of SDC 

due to the partial reduction of Ce4+ to Ce3+ under the 

reducingatmosphere and the higher catalytic activity of Ni-SDC [137]. 

Zhuet al. reporteda two-phase electrolyte in which doped ceria is 

combined with other salts due to the highly improved ionic 

conductivity arising from the binary conductive nature (O2−/H+) [138]. 

Among these,ceria combined with carbonates, oxides, hydroxides, 

sulfates, and halidesis becoming emerging electrolytes [139-143]. 

1.1.7.4 Water Gas Shift Reaction (WGSR) and Preferential 

Oxidation (PROX) of CO 

          Water-gas shift reaction (WGSR) is an extensively studied 

reaction because of the growing development of fuel cell technology 

[144].  

CO + H2O ↔ CO2 + H2    (eqn 1.15) 

This reaction reduces the CO content and adjusts the CO/H2 ratio in 

the outlet gas of the reactor. The reduction of CO is necessary to avoid 

the poisoning of the catalyst in ammonia synthesis [145]. The 

processes such as FischerTropsch and methanol synthesis require 

specific concentrations of CO, CO2, and H2, which is obtained by 
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adjusting the H2/CO ratio. This can be accomplished by a combination 

of the water-gas shift reaction (WGSR) and the preferential oxidation 

(PROX) of residual CO, in the presence of an excess of H2, using O2 

[146]. Since WGSR is an exothermic reaction, to obtain a high CO 

removal,a low reaction temperature is required, where the reaction rate 

also will be lower. Thus WGSR takes place commercially in two 

successive steps; one at higher temperatures (300–450°C) (HT-WGSR) 

and the other at lower temperatures (200–310°C) (LT-WGSR). Several 

ceria-based materials have been used as catalysts in WGSR due to their 

oxygen mobility and redox properties, which can be improved by 

dopant incorporation. Among them, noble metals Pt and Au, as well as 

Cu in finely dispersed form supported on ceria and ceria-zirconia, are 

the mostly investigated ones [147]. Pt/CeO2 is found to give a 

significant performance, but it undergoes carbonate deposition and 

subsequent deactivation [148]. This can be avoided by using 

CexZr1−xO2 instead of CeO2 in which the reaction proceeds by a redox 

route [149]. Pt supported on La-doped CeO2 also catalyzes the 

reaction, and the highest activity was observed for Ce0.8La0.2O2−δ, 

which had the maximum OSC in the 250−550 °C temperature range 

[150]. Au nanoparticles of less than 5 nm in size supported on CeO2 

are the most promising catalysts for H2 purification [151]. There are 

several reports on Au-based catalysts supported on different ceria 

systems such as, CeO2-Al2O3, CeO2-Fe2O3, CeO2-MnO2,CeO2-SnO2 

and CeO2-Ga2O3 [152-155]. Transition metals such as Ni, Cu, and Fe 

were also reported to show good activity if well dispersed on ceria 
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supports [156]. Literature studies report that WGSR and PROX take 

place through either formate route or redox route. In PROX of CO, Pt, 

Au, and Cu supported CeO2-based oxides gave the best performance 

[157].  Gao et al. studied the effects of the morphology of 

CeO2nanoparticles in the PROX of CO oxidation and found that the 

reactivity order is nanorod > cube> octahedral for the Pt/CeO2 catalyst. 

This is according to the same order of reducibility and oxygen 

vacancies in the material [158]. In Au/CeO2, both the particle size of 

CeO2 and Au are significant in PROX reaction. The rate of CO 

oxidation using the catalyst, nanocrystalline CeO2 is two times higher 

than that using bulk CeO2, which is attributed to the higher interaction 

between the two components; CO gets adsorbed on Au atoms, and 

additionally, the defective CeO2can activate O2 for oxidation {159}. In 

the case of Cu/CeO2 catalyst, partial reduction of Cu(II) occurred at the 

interface of CeO2-CuO, and CO molecules predominantly got adsorbed 

on Cu(I),also undergoing oxidation [160]. The morphology of the 

CeO2 also influenced the reaction.The order of selectivity is 

nanocubes> rodes > spheres which is in the order of the number of 

exposed (100) faces that is attributed to the strong interaction between 

CuO and (100) face of ceria [161]. Bimetallic catalysts composed of 

metals like Pt, Au, and Cu supported ceria are also used in PROX of 

CO. Among these, Pt-Au/CeO2, Pt-Cu/CeO2, and Au-Cu/CeO2 

catalysts show better performance compared to the monometallic 

catalysts [162-164]. 
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1.1.7.5 Oxidation of Volatile Organic Compounds (VOC) 

The reducibility and OSC of ceria make it a useful catalyst for 

the oxidation of volatile organic compounds [165]. The reaction is 

considered to proceed via Mars-van Krevelen type mechanism, in 

which oxygen is supplied by ceria for the reaction, and it is reoxidized 

by the gas phase oxygen [166]. Several ceria-based catalysts in which 

noble metals (Pd, Pt, and Au) are dispersed on high surface area ceria 

support are reported in the literature as showing activity at low 

temperatures. Methane is one of the greenhouse gases, which causes 

ozone depletion and is difficult to get oxidized [167]. Since the 

catalytic presentation is ascribed to the ability to release oxygen, 

metal-doped ceria systems show lower conversion temperatures 

compared to pure ceria. Liottaet al. reported Co/CeO2 catalyst as 

having good methane oxidation capacity due to the strong electronic 

interaction between Co3O4 and CeO2 [168]. Yanget al. employed 

CuO/CeO2 catalyst that has similar activity [169]. Flower-like 

mesoporous microspheres made of LaxCe1−xOx/2
2- or PrxCe1−xOx/2

2-

synthesized by Liet al., showed increased activity in methane 

combustion, due to an increase in oxygen vacancies and oxygen 

mobility [170]. Noble metal-based catalysts such as 

Pd/CeO2andPt/CeO2show significantly higher performances in 

methane oxidation [171-172]. One of the major disadvantages of Pd 

catalysts is that it undergoes sulfur poisoning, and the catalyst gets 

deactivated,whereas the presence of Pt gives resistance to both water 

and SO2 poisoning [173-174]. CeO2-ZrO2 catalysts have been widely 
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used forchlorinated VOCs, non-methane VOC (NMVOCs) in addition 

to methane combustion [175]. For example, Ce1−xZrxO2 (x =0−0.3) 

was studied as a catalyst for the catalytic combustion of benzene and 

toluene with the light off temperature corresponding to 50% 

conversion (T50%) reduced to 100 ℃ lower than that of pure ceria 

[176]. Delimariset al. reported a MnOx−CeO2 mixed oxide suitable for 

the oxidation of ethanol, ethyl acetate, formaldehyde, and toluene 

[177]. Pure ceria and ceria-based materials have been used for the 

oxidation of many of the chlorinated hydrocarbons, such as 

trichloroethylene (TCE), 1,2-dichloroethane (DCE), and 

chlorobenzene (CB) [178]. Nanostructured ceria having flower-like 

microspheres obtained by the hydrothermalmethod shows a much 

increase in TCE oxidation, compared to ceria obtained by thermal 

decomposition [179]. Ceria, when added as an additive in other 

catalysts such as zeolites, V2O5,and noble metalscould improve the 

performance of these catalysts to a greater extent [180-182]. For 

example,the addition of CeO2 in H-ZSM5 type zeolite increased its 

DCE oxidation activity with high HCl selectivity. 

1.1.7.6 Biomedical Applications 

Ceria nanoparticles have promising biomedical applications 

due to superoxide dismutase mimetic activity, catalase mimetic 

activity, hydroxyl radical scavenging,nitric oxide radical scavenging, 

peroxidase mimetic activity, oxidase mimetic activity, and 

phosphatase-mimetic activity. Ceria nanoparticles having a size over 
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20 nm possess antibacterial activity toward both gram-negative and 

gram-positive bacteria, due to the higher percentage of Ce3+ ions in 

ceria [183-184]. Since CeO2 nanoparticles can removereactive oxygen 

species (ROS) or prevent their formation, it is being used for the 

treatment of neurodegenerative diseases like Parkinson’s disease, 

trauma, ischemic stroke, Alzheimer’s disease (AD), and aging, which 

arise due to the increased oxidative stress and production of free 

radicals [185]. Many reports are there on the neuroprotective effects of 

ceria nanoparticles. For example, Guo et al.reported that 

CeO2nanoparticles (CNPs) modulate transforming growth factor-beta 

(TGF-β) signaling, and protect neurons against oxidative stress-

induced injury [186]. Arya et al. reported PEG-coated 3 nm CeO2-NPs 

promoted neurogenesis and decreased oxidative stress [187]. CeO2 

NPs can behave as artificial oxidase enzymes, and have 

catalasesuperoxide dismutase (SOD), and peroxidase-like activity. 

Bhushan and Gopinath synthesized biocompatible ceria-albumin 

nanoparticles (BCNP) with ROS scavenging activity that preserved the 

antioxidant defense system of the cells [188]. CeO2 nanoparticles of 

size ˃5 nm undergo Ce3+ oxidation, and the SOD mimetic activity 

decreases. To improve the superoxide-scavenging activity of these 

NPs, Li et al. proposed a strategy to retain the SOD mimetic activity by 

incubation with native CuZn-SOD in phosphate-buffered saline [189]. 

Akhtar et al. reported that the catalase activity of CeO2-NPs could 

increase the intracellular glutathione (GSH) in cells, the presence of 

which can regulate the cell growth and division, metabolism of 
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carcinogens, and protecting DNA from oxidative damage [190]. 

Peroxidase-like activities of CeO2 NPs have been used for the detection 

of breast cancer cells using nanostructure-based enzyme-linked 

immunosorbent assay (ELISA) [191]. 

1.2 Environmental Pollutant Degradation 

The development of human society and the improved standard 

of living can be mainly attributed to the chemical-based industries. The 

fast-growing population around the world leads to a larger 

consumption of chemical products,which necessitates extensive 

production of various chemicals in industries.This scenario introduced 

large quantities of chemicals in the environment, which can cause 

potential harm to human health and many ecosystems [192]. The 

industrial contaminants in wastewater effluents include complex 

organic dyes, antibiotics, phenols, pesticides, chlorinated compounds, 

heavy metals, and radioactive nuclides [193-194]. These contaminants 

might be present in surface water and groundwater due to improper 

wastewater treatment, the random release of residual pesticides and 

fertilizers, agricultural runoff, contaminated soil, and leakage of 

hazardous compound storage [195]. Most of these compounds are 

toxic, endocrine-disrupting, mutagenic, and carcinogenic.Their 

degradation-resistant property results in the accumulationof these 

toxins in aquatic organisms, which in turn affects the human body, 

causing serious health issues even at very low concentrations [196]. As 

a result, the need for the efficient removal of these contaminants from 
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the environment is very crucial, and several techniques are in use 

nowadays to decontaminate polluted water. Some of the conventional 

methods currently available include biological treatment, ozonation, air 

stripping, coagulation/flocculation, reverse osmosis, ultrafiltration, 

chlorination, etc., which are less effective in the elimination of all 

types of organic contaminants, and most of them produce secondary 

pollutants [197]. Advanced oxidation processes (AOPs) have attracted 

significant attention as it is the most promising technology for the 

removal of biologically recalcitrant, persistent organic pollutants 

present in wastewater [198].  

AOPs are based on the formation of highly reactive species like 

hydroxyl radical (∙OH)   having the highest oxidation potential of 2.33 

V, compared to other conventional oxidizing agents such as O3, H2O2, 

or KMnO4. They attack the organic pollutants by hydrogen abstraction, 

electron transfer, and formation of a double bond, also decomposing 

them into smaller non-polluting molecules [199]. Various AOPs used 

for wastewater treatment are given in figure 1.3. 

 

Fig.1.3 Various processes in advanced oxidation processes. [200] 
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1.3 Photocatalytic Degradation of Pollutants 

Heterogeneous photocatalysis is an extensively studied 

technology since 1972 when Fujishima and Honda reported the 

photocatalytic splitting of water on TiO2 electrodes [201]. Among the 

several AOPs, the photocatalytic technique has been widely used for 

wastewater treatment as it removes a broad range of organic pollutants 

at ambient temperature and pressure [202]. The process has several 

advantages such as complete mineralization, low cost, no waste 

disposal problem, high efficiency, green nature,etc., and therefore 

effectively used in water and air remediation [203]. The process 

involves a semiconductor photocatalyst, which on the absorption of 

radiation generates highly reactive oxidant species (·OH, HO2
·, and 

O2
·−) and oxidizes organic and inorganic pollutants into smaller 

molecules [204].  

In heterogeneous photocatalytic systems, the degradation 

reactions take place by these reactive species on the surface of the 

catalyst. An efficient photocatalyst should have the properties such as 

visible and/or near UV light absorption, biological and chemical 

inertness, photostability, low-cost, and nontoxic nature [205].  

1.3.1 Mechanism of Photocatalytic Degradation 

A semiconductor (SC) photocatalyst possesses a valence band 

and a conduction band separated by an energy gap (Eg). Under the 

irradiation of light of energy equal to or greater than the bandgap, 

oxidants are formed on the surface of the semiconductor. On 
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absorption of energy, electrons (e-) are excited from the valence band 

to the conduction band, leaving holes (h+) in the valence band. 

The photoinduced electron-hole pairs can undergo different 

reactions such as recombination with heat production, trapping in bulk 

or surface states, and migration to the surface giving rise to oxidation 

and reduction reactions if suitable acceptor (A) and Donor (D) are 

present. The mechanism of photocatalysis is represented in figure 1.4. 

The various reactions taking place on the surface of the 

photocatalyst are given by the following reactions:  

SC  →  SC (e-
(CB) + h+

(VB) )      (eqn 1.16) 

h+
(VB) + D → D.+          (eqn 1.17) 

e-
(CB) + A → A·-                 (eqn 1.18) 

 

Fig. 1.4 Mechanism of photocatalytic degradation [206] 
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A or D could be protons, water, or any other adsorbed molecules. In 

the presence of H2O and O2, the following reactions can occur [207-

208]. 

OH- +  h+
(VB) → ·OH     (eqn 1.19) 

H2O +  h+
(VB) → ·OH + H+      (eqn 1.20) 

O2 + e-
(CB) → O2

·-       (eqn 1.21) 

O2
·- + H+ → HO∙

2    (eqn 1.22) 

2HO∙
2→ O2 + H2O2      (eqn 1.23) 

H2O2 + O2
·- → -OH + ·OH + O2    (eqn 1.24) 

·OH + Organic compound → CO2 + H2O + intermediates    (eqn 1.25) 

The ·OH, HO∙
2and O2

·- (super oxide radical anion)  are the reactive 

oxygen species (ROS) that degrade the organic pollutants in water.  

1.3.2 Metal Oxides Photocatalysts 

For a semiconductor to be photochemically active, the redox 

potential of the photogenerated hole must be sufficiently positive to 

generate ·OH radical, and that of the photogenerated electron must be 

sufficiently negative to produce superoxide radical from the adsorbed 

O2 [205]. When we use a metal oxide nanoparticle as a photocatalyst, 

both electrons and holes are available on the surface for the reaction.In 

bulk materials, there is only one type of species available for the 

reaction, due to band bending [209]. Among the various metal oxide 
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photocatalysts, TiO2 is the most widely studied and used catalyst, 

which is commercially available as Degussa P25. It can mineralize a 

wide range of organic pollutants like aliphatics, aromatics, detergents, 

dyes, pesticides, and herbicides. ZnO is another excellent photocatalyst 

under UV illumination even though its stability is less than that of 

titania [210]. Both TiO2 and ZnO absorb in the UV light, but the 

visible light activity can be imparted by the process of metal doping or 

defect engineering. For example, black TiO2 obtained by hydrogen 

doping or defects formation through the incorporation of nitrogen will 

enhance the photocatalytic activity under solar radiation [211-212]. 

Doping of ZnO with transition metals such as Mn and Co results in the 

absorption of visible light [213-214]. Other photocatalytic metal oxides 

include binary as well as ternary oxides of Fe, W, V, Mo, bismuth 

oxides, copper oxides (cuprous or cupric), CeO2, zinc germanium 

oxide, SrTiO3,etc [215]. Many nanocomposites and systems containing 

heterojunctions, such as, Au/TiO2, TiO2/graphene, TiO2/SiO2, CdS 

quantum dots/porous TiO2 nanotubes, nanotube/WO3 nanoparticle,etc., 

have increased charge separation and improved photocatalytic 

efficiency, also has been used for photocatalytic water treatment 

applications. 

1.3.3 Ceria as a Photocatalyst 

Recently, ceria and ceria-based materials have been attracted 

much attention for the treatment of contaminated water and air. Ceria 

is a wide bandgap semiconductor (3.0 – 3.4 eV); depending on the 
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morphology, it absorbs energy in the UV region and generates charge 

carriers having a comparatively larger lifetime than TiO2 [15]. The 

main characteristics that make ceria an attractive photocatalyst are the 

high stability in the reaction medium, the electronic and optical 

properties due to the occurrence of 4f electrons, the ability to form 

nonstoichiometric oxygen-deficient CeO2−x oxides, the considerable 

oxygen mobility, and the likelihood of giving rise to the reversible 

transformation, i.e., Ce4+/Ce3+ [216]. To increase the visible light 

activity of ceria, several modifications are adopted, such as, doping of 

other metals, combination with other oxides, and incorporation of 

defects [217-219]. The lower part of the conduction band of CeO2 (CB, 

Ce 4f) is around -0.4 eV vs. normal hydrogen electrode (NHE), and the 

top of the valence band (VB, O 2p) is ca. 2.5eV vs. NHE [220]. When 

ceria is irradiated with light of energy higher than the bandgap energy, 

electrons are excited to the conduction band within femtoseconds, 

leaving the same number of holes in the valence band. The electrons 

and holes then migrate to the surface of the ceria and undergo some 

redox reactions, generating ROS with a strong oxidative property that 

might oxidize the pollutant molecules as follows.  

CeO2  →  CeO2 (e
- +h+)    (eqn 1.26) 

O2 + e-
(CB) → O2

·-     (eqn 1.27) 

O2
·- + H+ → HOO.    (eqn 1.28) 

2HOO·→ O2 + H2O2   (eqn 1.29) 
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H2O2 + e- → OH- + ·OH    (eqn 1.30) 

OH- + h+
(VB) → ·OH    (eqn 1.31) 

ROS + Organic compound → CO2 + H2O + intermediates   (eqn 1.32) 

The photocatalytic performance of ceria depends on several 

factors such as particle size, surface structure, oxygen mobility, and 

surface morphology. The presence of surface defects such as oxygen 

vacancies work as electron traps and decrease the electron-hole 

recombination. They also act as strong binding and dissociating sites 

for organic adsorbate molecules, thus increasing the photocatalytic 

performance of ceria [221]. Ce3+ ions are more efficient in activity 

over a wide range of pH compared to Ce4+ as they can produce a large 

number of ·OH radicals [222]. It is reported by Aneggiet al. that the 

(100) facet of ceria is showing higher activity than the corresponding 

(110) and (111) facets because of higher concentration of oxygen 

vacancies and chemical reactivity [223]. To improve the visible light 

activity of ceria the following modifications can be accomplished: 1) 

metal or nonmetal doping, 2) deposition of noble metals on CeO2, 3) 

construction of CeO2-based solid-solution, and 4) coupling of CeO2 

with other nanomaterials to form binary hybrid heterostructures and 

ternary nanocomposites [224]. Doping of ceria with 3d transition 

metals may increase the oxygen vacancies and increase the mobility of 

excitons to the catalyst surface, thus decreasing the electron-hole 

recombination [225]. The doped metal ions create an impurity level 

near CB and VB of ceria, and the split 3dstate can be mixed with the 
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CB or VB, and a new bandwidth can thus be inserted into the original 

band. As a result, the bandgap of CeO2 is decreased, and the absorption 

edge of sunlight is broadened. Also, the dopant metal ion will capture 

the photoinduced electrons and holes and transfer them to the surface 

to react with the adsorbed molecules [226]. Yue et al. studied the 

photocatalytic activity of ceria doped with transition metals (Co, Ti, 

Fe, and Mn) and observed a redshift of adsorption edge to visible light 

as the bandgap of the doped catalysts decreased to lower energy [227]. 

Channei et al. synthesized Fe-doped CeO2 nanoparticles and Fe-doped 

CeO2 film having 3.8 times activity in methyl orange degradation 

compared to bare ceria [228]. Doping of non-metals like N, C, F, S, 

etc., changes the density of states near the VB edge of ceria. By 

density functional theory (DFT) calculation, Mao et al. found that both 

the VB and CB of N doped CeO2 shifted to lower energies, thereby 

shifting the absorption to the visible region [229]. Also, S-doped ceria 

and F-doped ceria showed much better solar energy absorption and 

catalytic ability toward dye degradation compared to pure ceria [230-

231]. The localized surface plasmon resonance (LSPR) of noble metal 

nanoparticles (Au, Ag,etc.) on ceria results in extended light response 

and enhanced photoactivity [232]. Au/CeO2, 3D yolk-shell- Au@CeO2 

spheres, Ag NPs@CeO2 (Ag@CeO2), and Ag nanowires@CeO2 (Ag 

NWs@CeO2) core-shell structure are some noble metal/ceria based 

visible light active photocatalysts [233-234]. Many ceria-based solid 

solutions are reported to havewell visible-light photoactivity. Liyanage 

et al. synthesized Y doped ceria nanorods, with decreased bandgap and 
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higher amount of oxygen vacancies, by a hydrothermal method that 

showed higher catalytic performance for Rhodamine B (RhB) 

degradation [235]. ZrO2-CeO2 composites reported by Zhang et al., in 

which the oxo-bridged bimetallic linkage ZrIV-O-CeIII acted as a 

visible-light-driven redox center could improve the photocatalytic 

activities on RhB and 2,4-dichlorophenol degradation [236]. Recently, 

more effective photocatalysts were realized with heterostructures by 

incorporating CeO2 with two or more nanomaterials. A p-n 

heterojunction system of CuO/CeO2 composite was synthesized by 

Wang et al. for the decomposition of RhB,where the higher catalytic 

performance is due to the visible-light-driven CuO, the intrinsically 

strong photocatalytic redox capability of CeO2, and the charge transfer 

channel between CuO and CeO2 [237].  Binary heterosystems such as 

ring-shaped Bi2WO6@CeO2, BiOBr/CeO2 nanocomposites, 

Ag3PO4/CeO2, CeO2/TiO2 nanobelt heterostructure, and ternary 

nanocomposites such as  Bi2O3-CeO2-ZnO, ternary 

Ag2CO3/CeO2/AgBr hybrids, Ag/AgCl-CeO2 composites, ZrO2-CeO2-

TiO2, CeO2-Al2O3@graphene oxide (GO), CuO-CeO2/GO,etc. 

exhibited superior visible light response as well as efficient transfer 

and separation of charge carriers which offered an enhanced 

photodegradation activity[238-247]. 

1.4 Photo Fenton Degradation 

Fenton and Fenton-based reactions are important processes 

among AOPs, in which active oxygen species are formed by the 
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reaction of hydrogen peroxide on iron/iron-like ions to oxidize organic 

compounds.  The reaction was first used by H.J.H Fenton in 1984 for 

the oxidation of tartaric acid [248]. Nowadays, Fenton reactions play a 

significant role in the removal of many hazardous pollutants in 

wastewater. The core of the Fenton chemistry is the oxidation of 

ferrous ions to ferric ions to decompose H2O2 into hydroxyl radicals 

and is referred to as the Fenton reaction. It is represented as: 

Fe2+ + H2O2 → Fe3+ + OH- + ·OH    (eqn 1.33) 

The attractive features of Fenton reactions are that the reagents 

used for Fenton reactions are readily available. The reaction does not 

cause any damage to the environment, and it can be carried out at room 

temperature and atmospheric pressure [249]. However, due to the 

radical scavenging effect of H2O2, wastage of oxidant occurs, and also, 

the formation of iron sludge causes continuous loss of iron [250-251]. 

Several modifications on classical Fenton reaction are investigated to 

improve the oxidation efficiency; and are termed Fenton-like reactions. 

These are energy-consuming Fenton-based reactions such as the photo 

Fenton (PF) process, sono-photo Fenton process, sono-electro Fenton 

process, and photo-electro Fenton process [252]. In photo Fenton 

processes, more hydroxyl radicals are formed compared to 

conventional Fenton reaction and photolysis by a combination of H2O2 

and UV radiation along with Fe2+ or Fe3+ oxalate ions,  thus resulting 

in a higher rate of degradation of organic pollutants  [253]. Photo 

Fenton processes are more efficient than the Fenton process, and the 
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cost of the process can be reduced by using sunlight instead of UV 

light [254]. 

1.4.1 Mechanism of Photo Fenton Degradation 

The mechanism of Fenton’s process can be summarized by the 

following steps [255]. 

Hydroxyl radicals are generated initially from a mixture of H2O2 and 

ferrous iron in an acidic solution, which in turn attack the organic 

pollutants present in the solution. 

Fe2+ + H2O2 → Fe3+ + OH- + ·OH    (eqn 1.34) 

Regeneration of the catalyst ion Fe2+ occurs by the following reactions. 

Fe3+ + H2O2 ↔ Fe-OOH2+ + H+     (eqn 1.35) 

Fe-OOH2+ → Fe2+ + HO2
·     (eqn 1.36) 

In photo Fenton reaction, the photolysis of Fe3+ cations yields 

Fe2+ cations, and the newly generated Fe2+ ions again react with H2O2 

to produce Fe3+ and hydroxyl radicals; this cycle continues. 

Fe(OH)3+ + hʋ → Fe2+ + ·OH   (eqn 1.37) 

Fe2+ + H2O2 → Fe3+ + 2·OH   (eqn 1.38) 

The effectiveness of the photo Fenton process is attributed to 

the photoreduction of Fe3+ ions into Fe2+ by which additional ·OH 

radicals are formed in comparison to the Fenton process. Direct 
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photolysis of H2O2 also produces ·OH radicals which can also cause 

oxidation of molecules. But in the presence of iron complexes that 

absorb radiation strongly, this reaction contributes only to a lesser 

extent to the pollutant degradation [256]. 

H2O2  + hʋ → 2·OH    (eqn 1.39) 

1.4.2 Heterogeneous Catalysts for Photo Fenton Degradation 

Since iron-based Fenton reactions have several practical 

disadvantages, many researchers have worked on other metal-based 

systems for the generation of ·OH radicals from H2O2. An effective 

Fenton catalyst should possess an active metal with multiple oxidation 

states for efficient electron transfer to H2O2 and decompose H2O2 even 

at neutral pH under homogeneous and heterogeneous reaction 

conditions. Some non-ferrous metal species that can act as Fenton-like 

reagents are Al, Ce, Co, Cr, Cu, Mn, Ru,etc.[252]. The use of zero-

valent aluminium (ZVAl) has a stronger thermodynamic driving force 

for the electron transfer to H2O2 compared to FeO or Fe2+. The use of 

ZVAl in AOPs has several advantages, like high natural abundance 

and low weight [257]. Chromium in both +3 and +6 oxidation states 

react strongly with H2O2to produce a hydroxyl radical. Cr(VI) reacts 

with H2O2 with the replacement of oxo ligands by peroxo groups, and 

the metal center undergoes one-electron reduction to form Cr(V) 

complex, whereas H2O2subsequently decomposes to hydroxyl radical 

[258]. Heterogeneous Co2+ based Fenton-like catalysts like 

Co2+/Al2O3, Co2+/MCM-41, Co2+/carbon aerogel,etc., are reported for 
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the oxidation of organic pollutants in the presence of H2O2 [259-261]. 

Cu2+/H2O2 Fenton-like systems efficiently generate hydroxyl 

radicalsfor the oxidation of organic pollutants over a wide range of pH. 

Also, Cu2+ complexes with degradation intermediates are easily 

decomposed by ·OH radicals resulting in complete mineralization of 

pollutants [262]. Mn/H2O2 Fenton-like activity is enabled by 

theconversion of Mn2+ to Mn4+ via the intermediate Mn3+, and the 

activity remained in the pH range of 3.5-7 [263]. Ruthenium (Ru) is 

the only platinum group metal having Fenton-like activity and Hu et al. 

could oxidize bisphenol A by using the redox couple Ru3+/Ru2+ using 

Ru2+-polypyridyl complex immobilized on cation exchange resin 

[264]. Ru catalysts are highly stable, and the metal leaching is 

minimum, and thus multiple catalytic cycles are possible using this 

catalyst. 

1.4.3 Cerium Oxide as a Photo Fenton Catalyst 

The report of the first application of cerium-based Fenton 

system in the production of reactive species was published in 2008, 

and since then several studies regarding the degradation of organic 

contaminants in wastewaterhave been reported [265]. The role of ceria 

is associated with the oxygen vacancies in the structure that can be 

increased by the presence of Ce3+ ions and produce active oxygen for 

the oxidation of pollutant molecules. 

A mechanism for the ceria-based catalyst in Fenton reaction 

developed by Hamound et al. is given in figure 1.5, in which the 
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reaction initiates with the complexation of H2O2 with Ce3+ sites [266]. 

The presence of Ce3+ and the formation of associated oxygen vacancies 

trigger the reactivity with H2O2 forming peroxide-like species. 

Hamound et al. have synthesized CeO2 nanocatalyst with a high 

specific surface area for the removal of binary mixtures of dyes by the 

heterogeneous Fenton reaction [266]. Dyes with opposite charges 

undergo paired adsorption and coagulation processes and are 

ultimately removed through oxidation by reactive species generated in 

the Fenton reaction [264]. 

 

Fig. 1.5 Mechanism of H2O2 activation by ceria [266] 
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Wang et al. reported a 3D hierarchical H2-reduced, Mn-doped 

CeO2 microflowers (re-Mn-CeO2 NMs) as an efficient Fenton-like 

photocatalyst for peroxymonosulfate (PMS) activation.The system had 

been used in the fast removal of tetracycline antibiotics in water, and a 

synergistic effect of the Fenton-like process and the photocatalysis 

occurred in the coupling system [267]. An efficient Fenton-like 

catalyst CuO/CeO2 with increased oxygen vacancies was synthesized 

by Zhu et al. using ultrasonic impregnation to remove diclofenac from 

water and found that the (200) exposed surface of ceria are beneficial 

for the catalytic activity [268]. 

1.5 Adsorption of Pollutants 

Among the various wastewater treatment technologies 

investigated so far, adsorption is one of the most preferred because of 

its simplicity in design, flexibility, low cost, insensitivity to toxic 

pollutants, and operational simplicity [269]. Adsorption is the process 

in which the molecules of materials are concentrated, on the surface of 

a solid, from its gaseous or liquid surroundings. The phenomenon was 

observed by Scheele in 1773 when carbon is exposed to gases, 

followed by a similar phenomenon of removing color-producing 

compounds by wood charcoal, vegetable, and animal charcoal. The 

term adsorption was first introduced by Kayser in 1881, to denote 

surface accumulation, and since then adsorption has been applied for 

removing both gaseous and liquid pollutants [270]. During the past few 

decades,the adsorption process has been used for the decolorization of 
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dye solutions, and the removal of toxic heavy metals as well as other 

organic compounds from water. If the attractive forces between solid 

and adsorbed molecules are only weak Van der Waals forces, the 

adsorption is termed physisorption, on the other hand, if chemical 

bonds are formed with the adsorbate on the solid surface, it is called 

chemisorption. An adsorbent is characterized by the quantity of 

adsorbate it can take up, which can be calculated from the adsorption 

isotherm according to the general equation; 

qt = (Co-Ct) V/m    (eqn 1.40) 

where qt (mg/g) is the amount of adsorbateadsorbed per unit 

mass of the adsorbent at a time t, Co and Ct are the concentration of the 

adsorbate at the initial time, and at time t respectively, V is the volume 

of the solution (L) and m is the mass (in g) of the adsorbent [271]. An 

ideal adsorbent should be porous with a high surface area, and it 

should reach the adsorption equilibrium in a short period; so the 

pollutant materials can be removed immediately. 

1.5.1 Different Types of Adsorbents 

Some of the adsorbents popularly used for dye removal from 

wastewater are alumina, silica gel, zeolite, and activated carbon [272]. 

The most popular and oldest adsorbent is the activated carbon, which 

is prepared from coal, coconut shell, lignite, wood,etc. Its structural 

characteristics such as porous texture and large surface area make it an 

efficient adsorbent for the removal of several pollutants such as metal 
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ions, phenols, pesticides, detergents, fumic substances, and organic 

compounds [273]. However, it is expensive, nonselective, and 

ineffective for dispersing and vat dyes.The expensive regeneration of 

saturated adsorbent makes it unjustified in several pollution treatment 

options [274]. Several researchers have investigatedlow-cost 

adsorbents produced from certain waste productsthat are potentially 

economical sorbents. Natural materials and wastes or byproducts from 

agriculture, industries,etc., can be used as adsorbents either as such, or 

after some minor treatment and are called low-cost adsorbents (LCAs). 

Some natural materials investigated as adsorbents are wood, coal, peat, 

chitin chitosan, biomass, cotton, and clays. Among the natural 

adsorbents, clays such as ball clay, bentonite, common clay, fire clay, 

Fullers earth, kaolin,etc., have a significant role because of the low 

cost, abundant availability, and good sorption capacity [272]. Many 

reports are there on the production of a variety of carbons from 

agricultural and food wastes such as bagasse, coir pith, banana pith, 

date pits, silk cotton hull, corn cob, maize cob, rice husk, rice hulls, 

fruit stones, nutshells, sawdust,etc [274]. The adsorption capacities of 

the prepared carbon structures depend on the source of raw materials, 

pyrolysis temperature, and activation time. Besides the wastes from 

agriculture, several byproducts/wastes from many industries such as 

power plants, steel, metal, sugar, and fertilizer industries,etc., have also 

been used as low-cost adsorbents. Fly ash, which is a waste material 

obtained in large quantities from coal-based thermal power plants, is 

used as a low-cost adsorbent for the removal of a wide variety of dyes 
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either alone or in combination with other materials such as coal 

mixtures [275]. Similarly, bagasse pith from the sugarcane industry, 

rice husk ash from rice mills, palm oil ash, red mud from the 

aluminium processing industry, blast furnace dust, and slag from steel 

plants, also have been used as sorbents for dyes. Biosorption has 

become a potential alternative to other sorbents for the 

removal/recovery of toxic metals from wastewater. Lignocellulosic 

biosorbentsmodified by some heat treatment or chemical modification 

such as delignification, esterification, methylation,etc., to increase their 

sorption capacities, have been used for the removal of metal 

contaminants like Cu, Hg. Cd, Ni, Pb, and Cr [276]. The potential of 

nanomaterials as nanosorbents has been discussed by Kyzas et al. 

Graphene oxide, multi-walled carbon nanotubes, hexagonal 

mesoporous carbon, hexagonal mesoporous silica, graphite 

oxide/chitosan nanocomposite,etc., has been reported as good 

adsorbents for the elimination of organic pollutants from wastewater. 

Also, Fe-La composite oxide, single-phase Fe/Mn oxy-hydroxide, Mg-

doped α-Fe2O3, mercapto functionalized nano-Fe3O4 magnetic 

polymers, F-Ti bimetallic coated magnetic Fe3O4, carboxymethyl–β-

cyclodextrin modified Fe2O3 nanoparticles,etc., reported by several 

research groups have also be been used for the effective removal of 

toxic metals from water [277]. 

1.5.2 Ceria as an Adsorbent 

Recently, ceria has got enough attention in water treatment 

technologies as a promising adsorbent of several synthetic dyes and 
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toxic heavy metals due to its cyclic usability, biological and chemical 

inertness, and absolute stability against chemical corrosion. Ceria 

nanostructures of different morphologies having large surface 

areaswere synthesized by several research groups, and the materials 

showed excellent adsorption capability. Porous CeO2 nanofibers of 

diameter 100-140 nm were prepared by Zhang et al., and they studied 

the adsorption of methyl orange, where the activity is mainly attributed 

to the large surface area and pore size of the prepared samples [278]. 

To overcome the recycling difficulties, Kong et al. synthesized CeO2 

nanoparticles immobilized on 40-60 mesh sand (ICe). The adsorbent 

showed excellent adsorption of dye AB10 with good recyclability and 

reusability [279]. Zheng et al. studied the shape-dependent behavior of 

CeO2 by investigating the adsorption properties of Congored dye. 

Among the synthesized spindle ceria samples, octahedral and spherical 

ceria showed superior adsorption compared with others, which also 

showed good stability and reusability [280]. Yang et al. has reported a 

facile, economic route for the large-scale synthesis of mesoporous 

CeO2 hollow spheres with an excellent adsorption capacity for the 

organic pollutant (Congo red) from wastewater [281]. Ceria hollow 

spheres (CHS) derived from a sol-gel reaction has been reported by Hu 

et al. with considerable adsorption capacity, 5 times higher than 

powdered activated carbon and ceria nanoparticles synthesized by 

solution combustion method. The higher performance is due to the 

porous structure and strong electrostatic interaction between the dye 

molecule and CHP [282]. Wu et al. have prepared uniform hierarchical 
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porous CeO2 nanotubes with exposed (111) planes for effectively 

removing Congored dye with the adsorption capacity equilibrium of 

362.32 mg/g [283]. Humic acid (HA)-supported CeO2 nanosheet 

composites of 100–500 nm size were synthesized through the 

solvothermal method by Ling et al. The presence of CeO2 nanosheets 

plays a crucial role in enhancing the surface area and overall 

mesoporous nature of the composite, resulting in enhanced adsorption 

capacity in the removal of Congored dye [284]. 

1.6 Gaseous Pollutant Degradation/Removal 

With the rapid development of industry and economic growth, 

air pollution has become one of the major crises faced by worldwide 

countries. The main sources of air pollution are the fuel combustion 

processes in thermal power plants, vehicles, incinerators,etc. CO, NOx, 

SOx, unburnt hydrocarbons (HCs), and particulate matter (PM) are the 

primary pollutants of exhaust emissions [285]. These gases are harmful 

to human health and to the environment, causing acid rain, 

photochemical smog, ozone depletion, and global warming. Several 

technologies are there for the abatement of NOx, which involve direct 

decomposition (on noble metals, metal oxides, perovskite-type 

catalysts, and zeolites), and selective catalytic reduction (SCR) (using 

many reductants, such as ammonia, urea, and HCs) overzeolite-type 

catalysts, supported noble metals,etc. NOx traps, which are 

incorporated into the catalyst washcoat constitute an interesting NOx 

control technology for gasoline and Diesel engines. NOx traps are 
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multifunctional catalysts having adsorbent, oxidation, and reduction 

functionalities chemically bind with the NOx species and convert them 

into solid species (metal bonded nitrates). Simultaneous removal of 

NOx and soot are accomplished by using La-K-Cu-V-based perovskite 

catalysts [286]. Low-temperature catalytic oxidation has been widely 

used in the removal of volatile organic compounds (VOC). Noble 

metals like Pt, Pd, Ru, Rh, Ag, and Au are commonly used for the low-

temperature oxidation of VOC. Metal oxide derivatives of group III B 

and II B are (eg., Ti, Cu, Mn, Al, Ce, Co, Fe, etc.) applied as catalysts 

in VOC oxidation reactions. Most of the metal oxide/sulfide 

semiconductor photocatalysts such as TiO2, WO3, ZnO, CdS, etc., are 

also reported to decompose VOCs in presence of either UV or visible 

light. Some of the technologies used for the VOCs treatment are 

regenerative catalytic oxidation (RCO), recuperative catalytic 

oxidation, hybrid treatment with catalysts, ozonation-catalytic 

oxidation, and non-thermal plasma-catalytic oxidation, etc. [287]. The 

most popular method used for the removal of SOx from the pollutant 

gas stream is by reaction with lime/limestone, and the process is called 

desulfurization process that can effectively remove low concentrations 

of SOx. Some of the advanced methods for removing NOx and SOx in 

high concentration levels are wet scrubbing, adsorption, electron beam 

treatment, discharge methods, etc. [288]. Three-way catalysis methods 

have been widely used for the simultaneous removal of CO, HC, and 

NOx in the exhaust gas and are described in section 1.1.6.1, in the 

applications of ceria.  
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1.6.1 Carbon Monoxide (CO) Oxidation over Ceria based 

Catalysts 

Carbon monoxide is a toxic gas emitted into the atmosphere 

due to the incomplete combustion of fuels.The primary sources of CO 

are exhausts from vehicles and non-road engines. Since CO is 

detrimental to the vegetation and all forms of life that respire, it is 

significant to control the quantity of CO to maintain air quality. The 

simplest way of removing CO is the catalytic oxidation into harmless 

CO2, the essential gas for vegetation [289]. Some of the catalysts 

commonly used for the oxidation of CO are hopcalite (a mixed oxide 

of Mn, Co, Cu, and Ag), perovskites (with the general formula ABO3 

in which A are rare earth or alkaline earth metals and B, are transition 

metals), andsupported noble metal catalysts (Pt, Pd, Rh, Au,etc., on 

ceria, zirconia, titania, and alumina) [290-293]. Base metal catalysts 

such as copper-based catalysts and a combination of a copper catalyst 

with other oxides like ZnO, Cr2O3, Fe2O3, CoO, etc., also showed good 

catalytic activity towards CO oxidation [294].  

Due to the unique redox properties and oxygen storage 

capacity,ceria and ceria-based materials have been used as catalysts for 

CO oxidation reactions. CO oxidation over the ceria surface has been 

reported to take place through a Mars-van Krevelen (MvK)-type 

mechanism, whereby CO molecule first reacts with surface ceria 

oxygen, leaving an oxygen vacancy, which is filled by the gas phase 

oxygen [295]. The interaction of CO with ceria surface is strongly 



Chapter  1 

56         Sree Neelakanta Govt. Sanskrit College, Pattambi 

 

related to the structure. It is observed that ceria nanostructures like 

nanorods and nanocubes, possessing a higher abundance of (100) and 

(110) exposed facets, have higher catalytic performance compared to 

ceria particles with more number of (111) facets [296]. Piumettiet al. 

studied the structural dependency of CeO2 on CO oxidation reaction by 

analyzing the CO oxidation activity of ceria nanocubes, nanorods, and 

mesoporous ceria as well as ceria synthesized by solution-combustion 

method. The ceria nanocubes performed maximum in low-temperature 

CO oxidation. The highest activity of nanocubes is a contribution of 

highly reactive (100) and (110) facets [297]. Among the ceria-based 

solid solutions, CexM1-xO2(where M= Zr, Hf, L, and Pr) ceria-hafnia 

solid solution showed excellent CO oxidation activity as a result of its 

best oxygen storage capacity [298]. Noble metal and transition metal 

nanoparticles dispersed on the surface of ceria support are other ceria-

based catalysts used in CO oxidation. Supported gold and silver 

catalysts over ceria are highly effective in low-temperature CO 

oxidation [299-302]. Lohrenscheit et al. has proved the role of oxygen 

vacancies in the room temperature oxidation of CO over ceria-

supported gold by using Operando Raman Spectroscopy, supporting 

the Mars-van Krevelen (MvK)-type mechanism [303]. Au/CeO2 

catalysts can be promoted by the incorporation of other metals such as 

Cu and Co. The bimetallic catalysts such as Au-Cu/CeO2 or Au-

Co/CeO2 catalysts can adsorb more CO, as the latter can get adsorbed 

on both the metal surfaces. This feature along with more oxygen 

vacancies enabled the catalyst to easily release the lattice oxygen, 



 Ceria: BriefIntroduction and Literature Review  

Sree Neelakanta Govt. Sanskrit College, Pattambi                                            57 

 

resulting in higher oxidation [304]. Oxygen exchange capacities of 

ceria have been improved by the incorporation of transition metals by 

several research groups to enhance CO oxidation. Doping of transition 

metal ions such as Fe, Zn, Cu, Ni, Cr, Co,etc., into ceria enhanced the 

CO oxidation activity due to the improvement in OSC [305-308].  

1.6.2 Hydrocarbon (HC) Oxidation 

Unburnt hydrocarbons introduced into the atmosphere mainly 

by incomplete fuel combustion may cause several health issues to all 

forms of life and also generate secondary pollutants such as smog. 

Several methods are there for the significant removal of hydrocarbons. 

This process can be carried out in two directions: (1) 

heterogeneous/homogeneous oxidation by molecular oxygen in the gas 

or liquid phase, and (2) radiation-induced oxidation by molecular 

oxygen, oxidation under electric discharge, electrochemical oxidation 

in solutions,etc [309]. Metals, metal oxides, semiconductors, and 

complex semiconductors are the most widely used catalysts for the 

oxidation of hydrocarbons. Perovskite-type oxides containing 

transition metals such as Co, Mn, Fe,etc., have been used for the total 

oxidation of hydrocarbons [310]. Noble metal catalysts have been 

widely used for the oxidation of light alkanes, alkenes, and aromatics. 

Among these, Pt is the most suitable catalyst for hydrocarbons except 

methane, for which Pd is the best [311]. Diehl et al. used Pt/Al2O3 

catalyst for the oxidation of heavy hydrocarbons and observed a 

correlation between oxidisability and volatility of hydrocarbons [312]. 
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CeO2 has been used for several years for the oxidation of 

hydrocarbons, and the main oxidation products are CO2, and H2O, 

where a trace of partial oxidation products are also obtained. Several 

studies have been reported for the oxidation of methane using pure 

ceria and ceria-based catalysts, such as doped ceria, ceria-supported 

noble metal catalysts,etc. [313]. Li et al. demonstrated that two 

dioxygen species, superoxide (O2
-) and peroxide (O2

2-) ions are present 

on the ceria surface. Isotope experiments proved that only one species 

(O2
2-) are involved in hydrocarbon oxidation from room temperature to 

400 ℃,whereas the other is relatively inactive [314]. Investigations on 

the addition of noble metals in ceria (Pt, Pd, and Rh) could increase the 

reactivity of low-temperature oxygen species formed on ceria resulting 

in a higher oxidation performance under lower temperatures [315]. The 

same result was also obtained on the addition of transition metal oxide 

(CuO) since it favors the formation of highly reducible oxygen species 

[316]. The presence of dopants like Sr, La, Sc,etc., is found to enhance 

methane activation and is more sensitive than CO oxidation. Catalysts 

of ceria solid solution with AgO or V2O5 enhanced the oxidation of 

toluene to benzaldehyde and benzoic acid; the selectivity is also higher 

compared to pure ceria where the higher reactivity is attributed to the 

availability of even less reactive lattice oxygen in ceria solid solutions 

[317]. Bkour et al. developed a Ni-Mo bimetallic catalyst supported on 

ceria-zirconia (CZ) having an excellent partial oxidation activity on 

isooctane at high space velocities. The interaction between Ni and 

support is strengthened by the presence of Mo that also increased the 
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stability and overall performance of the catalyst [318]. The catalyst 

TiO2/CexZr1-xO2 synthesized by Zhong et al. showed better 

photocatalytic oxidation of gaseous benzene compared to pure TiO2 

due to the increase in active oxygen species and better absorption of 

radiation [319].   

1.7 Optical Sensing Applications of Ceria 

Sensing applications of ceria nanoparticles are related to both 

Ce3+ and Ce4+ on the ceria surface, and the ability to switch between 

these two oxidation states. Several investigations are there for the 

sensing of reactive oxygen species like H2O2 in living systems. On 

exposure to H2O2, the peroxide species are coordinated reversibly on 

the ceria surface resulting in a redshift of adsorption, and an increase in 

the coordination number. It is followed by a redox process between 

ROS and ceria, in which more Ce3+ are formed by the reduction of 

Ce4+. Then the number of ROS adsorbed decreases, and also the 

coordination number of ceria gets decreased. This process can use for 

the sensing of H2O2 or ROS based on spectral or conductivity changes 

in the structure of these particles [320]. Ceria nanoparticles are 

excellent co-immobilization materials for many enzymes like 

cholesterol oxidase, glucose oxidase, horseradish peroxidase,etc., and 

their catalytic activity can use for the development of biosensors [321]. 

The OSC of ceria can be explored in the detection of small organic 

chemicals, metal ions, and biomarkers through colorimetric, 

electrochemical, fluorescent,and chemiluminescent methods. 
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1.7.1 Colorimetric Sensing using Ceria 

Colorimetric sensing is a process based on absorption 

spectroscopy. A colorimetric sensor detects the presence of a particular 

analyte from an observable color change. An ideal sensor should 

possess some of the characteristics such as selectivity, sensitivity, 

robustness, accuracy, precision, minimal error, reproducibility, 

linearity, etc. Colorimetric sensors are chemical sensors or biosensors 

depending on the type of interacting molecules. Sensors that sense 

biomolecules such as antigen or antibody, protein, DNA,etc., are called 

biosensorswhereas, chemical sensors detect different chemical 

compounds such as volatile organic compounds, gas molecules, toxic 

organic molecules, and heavy metals. Many metal nanoparticles such 

as Au, Ag, Cu,etc., and nanocomposites are used for colorimetric 

sensing that is based on the phenomenon of surface plasmon 

resonance.  

Ceria nanoparticles can be used both as colorimetric indicators, 

and colorimetric sensors since they function as chromogenic indicators 

in colorimetric probes in the presence of some analytes. Colorimetric 

sensors are the least expensive and are user-friendly compared to 

conventional analytical techniques for several medical diagnoses, 

environmental pollutant monitoring, and food quality analysis [322]. 

Ornatskaet al. have developed a ceria-based colorimetric sensor for the 

detection of food antioxidants by immobilized ceria nanoparticles 

(CNPs) on a filter paper [323]. When the filter paper is exposed to a 
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sample containing antioxidants, it will develop some color depending 

on the nature and concentration of the antioxidant. It does not require 

any other reagents and is highly stable for years compared to other 

biosensors. CNPs can also be used for the colorimetric detection of 

dopamine, a neurotransmitter [324]. On exposure to dopamine, CNPs 

undergo a color change from colorless to dark brown due to the 

reduction of Ce4+ to Ce3+ of CNPs.  Enzymatic production of H2O2 can 

be detected by using a filter paper on which CNPs are immobilized 

with glucose oxidase by the silanization method.  

 

Fig. 1.6 Mechanism of Colorimetric Sensing of H2O2 and Glucose 
[325] 

The assay (the mechanism is shown in figure 1.6) is 

concentration-dependent and can be reused for several measurements 

without loss of activity. [325]. 
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 A similar method is reported in the estimation of 

glucose, where a filter paper immobilized with CNPs and glucose 

oxidase exposed to glucose generatedH2O2, undergo oxidation and the 

peroxide bound on the surface of CNPs forms peroxide-Ce complexes. 

This results in a color change from yellowish-white to 

orange,depending on the concentration of H2O2 produced 

enzymatically, thus on the concentration of the enzyme and the 

substrate glucose [326].    

Similarly, the peroxidase-like activity of CNPs catalyzes the 

oxidation of a peroxidase substrate 3,3′,5,5′-tetramethylbenzidine 

(TMB) in the presence of H2O2 to produce a blue color has been 

utilized for the colorimetric assay of  H2O2 [327]. Here, H2O2 acted as 

a promoter in millimolar concentrations and an inhibitor at micromolar 

concentrations. Based onthese observations, a colorimetric method was 

developed for the detection of glucose having a LOD of 2 μM and a 

linear range between 4 to 40 μM since H2O2 is a product of glucose 

oxidation [328]. Liu et al. developed a 5,10,15,20-tetrakis(4-

carboxyphenyl)-porphyrin (por) modified CeO2 nanoparticles 

exhibiting peroxidase-like activity and used as a colorimetric probe for 

the detection of H2O2 using TMB. The catalyst showed a higher 

catalytic performance compared to pure ceria resulting from the 

synergetic effect of porphyrin and ceria.  Thus, this catalyst has been 

used as a simple, sensitive, and cheap colorimetric sensor of H2O2 as 

well as glucose [329-330]. Cheng et al. modulated the oxidase-like 

catalytic activity of CeO2 nanoparticles in situ via proton 
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producing/consuming enzyme-catalyzed bioreactions, and based on it 

they developed a colorimetric bioassay for determining nerve agents, 

drugs, and bioactive ions [331]. Peng et al. developed a magnetic 

colorimetric immunoassay strategy using ceria spheres showing 

excellent oxidase activity for the sensitive detection of human 

interleukin-6 (IL-6) [332]. CNPs can catalyze the oxidation of the 

substrate o-phenylenediamine (OPD) to a stable yellow-colored 

product 2,3-diamiopheazine (oxOPD), the absorbance of which reflects 

the concentration of IL-6. A CeO2-montmorillonite (MMT) 

nanocomposite has been successfully synthesized by Sun et al. and 

used asa colorimetric biosensor for the detection of H2O2 using TMB 

as the substrate. The catalyst showed better peroxidase performance 

compared to other CeO2 nanoparticles, and the sensor was successfully 

applied for H2O2 detection in milk samples [333]. 

1.7.2 Fluorescence Sensing using Ceria 

In fluorescence sensing, the concentration of a fluorescent 

species is measured from the fluorescence intensity and has been used 

in the past decade in biochemical, chemical, environmental, and 

forensic analysis. Any mechanism that changes the fluorescent 

intensity, wavelength, or lifetime can be used for sensing. Among 

these, the most direct method is the measurement of change in 

fluorescence intensity of the probe in response to the analyte. 

The redox property of ceria, i.e., by the ability to exist in two 

different oxidation states, Ce3+, and Ce4+ ions on the surface, resulted 
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in its fluorescence property. Ceria nanoparticle is considered as a 

fluorescent material emitting green light (~530 nm) under UV 

excitation. The oxygen vacancies formed in ceria crystals to 

compensate for the charge of Ce3+ ions act as probes to scavenge some 

charged objects like radicals, metallic ions, and dissolved oxygen 

[334]. This adsorption of charged species on the oxygen vacancies 

leads to a decrease in fluorescence intensity, which is useful for a 

fluorescence sensor via the fluorescence quenching technique. The 

sensitivity of colorimetric sensors is limited in the absence of enzymes 

because it then depends mainly on the CNPs, and a high concentration 

of H2O2 is required for the color change. In some cases, selectivity 

issues also occur when other redox systems are present in the analyte, 

such as ascorbate, dopamine,etc.Fluorescent sensors were developed to 

overcome these limitations. Several research groups have reported the 

use of ceria nanoparticles for the sensing of dissolved oxygen (DO), 

tiny metal particles such as iron and lead, radicals,etc. [335-339]. 

Doped ceria nanoparticles with Al, Nd and La have also been reported 

as potential molecular probes for the sensing of DO and peroxides via 

fluorescence-quenching [340-343]. Shehata et. al. introduced gold 

nanoparticles to ceria, which could enhance both fluorescence intensity 

and lifetime for the effective sensing of metal particles. The increased 

intensity and lifetime are due to the possible coupling between the 

plasmonic resonance of gold nanoparticles and the fluorescence 

emission of ceria [344-345]. Negiet al. reported flake-like mesoporous 

ceria nanoparticles applicable both as a photocatalyst in picric acid 
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degradation and also for its sensing [346]. Some researchers have 

developed ceria nanoparticles with surface modification to improve the 

fluorescence emission properties and are used for versatile sensing 

applications. Krishnan et al. have synthesized ultrafine ceria 

nanoparticles with bilayer coating with oleic acid and used them as a 

fluorescence sensor for ascorbic acid at a concentration as low as 6 µM 

[347]. The green-colored fluorescence of the nanoparticles has been 

used as a sensor by modulating its Ce3+ concentration in the crystals. 

Tian et al. report that a fluorescence resonance energy transfer (FRET) 

between nanoceria and graphene quantum dots (GQDs) could occur 

effectively by the electrostatic interaction. They developed a 

fluorescence aptasensor for the determination of ochratoxin A (OTA), 

which is a mycotoxin produced as a secondary metabolite from various 

Aspergillus and Penicillium strains [348]. Liu et al. reported a glucose 

fluorescence sensor using CNPs adsorbed with fluorescent-labeled 

DNA on the surface by the phosphate ligand-binding ability of CNPs 

[349]. On adsorbing DNA, CNPs fluorescence gets completely 

quenched, whereas on adding H2O2 it got enhanced. The method could 

be used for the detection of H2O2 and glucose in blood serum. Eu and 

Gd doped CNPs are reported as capable of reaction with analytes, and 

by studying the change in fluorescence of CNPs, the imaging of 

analyte binding is possible [350]. By changing the pH of the solution, 

the oxidase activity can be tuned, and the oxidation of a substrate 

having fluorescence can thus be controlled. For example, at neutral pH, 

ceria is only mild oxidizing, and so CNPs oxidize amplify to a 
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fluorescent product, resorufin, and prevent further oxidation to non-

fluorescent resazurin.These observations can be used for the 

identification of cancer biomarkers. Antibodies immobilized on the 

surface of CNPs were conjugated with protein G to identify the 

expression of epithelial cell adhesion molecule (EpCAM) in breast 

carcinoma patients and folate receptor in lung carcinoma patients. The 

detection can be completed in 3 hours, whereas the conventional 

enzyme-linked immunosorbent assay (ELISA) requires about 15 hours. 

Thus a sensitive cell-based ELISA can be developed using CNPs based 

ampliflu oxidation [351-352]. 

1.8 Scope of the Study 

Cerium oxide is a rare earth metal oxide exhibiting unique 

properties, such as oxygen storage capacity (OSC). Cerium ions in 

ceria can exist in two different oxidation states +3 and +4, resulting in 

the formation of oxygen vacancies and are responsible for the OSC of 

ceria. This particular redox property makes ceria and ceria-based 

nanomaterials suitable for versatile applications such as three-way 

catalysis, water gas shift reactions, oxidation of volatile organic 

compounds, photocatalysis, sensing, etc. Even though ceria can be 

synthesized by several physical and chemical methods, preparation via 

green methodshas a great significance in the present era. In this work, 

the different organic compounds present in the garlic and fenugreek 

extracts have been used as stabilizing and chelating agents for 

preparing less agglomerated ceria nanoparticles through simple sol-gel 
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processes. Also, ultra-small ceria nanoparticles have been synthesized 

by using a 2 M ammonia solution for precipitation, and its cobalt-

modified material was attained through wet impregnation of ceria 

nanoparticles. 

The environmental pollution due to the presence of antibiotics 

and dyes in soil and water is of great concern in maintaining the 

quality of water and soil. Similar is the situation of air due to the 

extensive exhaust emissions containing CO and unburnt hydrocarbons 

from vehicles and power plants. The removal of various pollutants 

from water and air via simple methods using cost-effective materials is 

of great relevance in pollutant treatment systems. The optical sensing 

of the pollutants such as picric acid in water is of related importance 

since its presence even in trace amounts causes several health issues in 

human beings. The ceria nanomaterials synthesized in this work have 

been used in the removal of antibiotics and dyes efficiently through 

photocatalysis, adsorption, and photo Fenton degradation. Selective 

sensing of picric acid in different water samples is achieved here by 

the fluorescence quenching method using the ceria nanoparticles 

synthesized by the sol-gel method. The cobalt-doped ceria materials 

have been effectively utilized in the gaseous pollutant treatment  (CO 

and the model pollutant propane), and also for the colorimetric sensing 

of H2O2, which is a main reactive oxygen species produced in many 

biological systems.  
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1.9 Objectives of the Present Work 

The major objectives of the present study include; 

 Green synthesis of CeO2 nanoparticles by precipitation method 

using ammonia and sol-gel methods using garlic and 

fenugreek extracts. 

 Synthesis of cobalt-doped ceria catalysts by wet impregnation 

of ceria prepared by ammonia precipitation. 

 Characterization of the prepared systems using various 

analytical techniques to study the structure, morphology, and 

relevant properties (electronic, optical, and redox properties). 

 Photocatalytic degradation of antibiotic norfloxacin on ceria 

nanoparticles prepared by ammonia precipitation. 

 Adsorption and photo Fenton degradation of Congored dye by 

ceria nanoparticles synthesized by the sol-gel method using 

garlic extract. 

 Investigation of cobalt-doped ceria catalysts in the 

simultaneous removal of carbon monoxide and hydrocarbons; 

and its Peroxidase like performance for colorimetric detection 

of H2O2 

 Fluorescence sensing of 2,4,6-trinitrophenol (picric acid) by 

ceria nanoparticles prepared using fenugreek extract as the 

precipitating agent. 
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2.1 Introduction 

In this work, ceria/doped ceria nanoparticles were synthesized 

by different facile methods like precipitation, and sol-gel methods. 

This chapter mainly focuses on the various analytical techniques used 

to study the material properties and applications of the synthesized 

ceria nanoparticles. Different analytical techniques were used to study 

the structural, optical, thermal, and redox properties of the present 

CeO2 based materials. X-ray diffraction (XRD), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), Fourier 

Transform infrared (FTIR) spectroscopy, X-ray photoelectron 

spectroscopy (XPS), Raman spectroscopy (RAMAN), etc. are used for 

the morphological and structural characterization of the developed 

materials. Optical properties are investigated by diffuse reflectance 

spectroscopy (DRS) and photoluminescence (PL) spectroscopy. 

Textural characteristics and surface area of the samples were analyzed 

by Brunauer–Emmett–Teller (BET) methods. Redox properties of the 

samples were studied by Temperature Programmed Reduction (TPR), 

and thermal properties were investigated using Thermogravimetric 

(TG) analysis. UV-vis and PL spectroscopy were used to investigate 

the sensing applications. UV visible spectroscopy is also used to 

monitor the photodegradation efficiency of CeO2 nanoparticles. The 

present chapter lists the materials used in the preparation, 

characterization, and applications of CeO2 based materials and also 

discusses the principle of various analytical techniques used in this 

study.  
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2.2 Materials Used 

The details of the chemicals/materials used in the present 
investigation are given in Table 2.0. 

Table 2.0 Materials used 

Sl No. Material Manufacturer/Supplier 

1 Cerium nitrate hexahydrate Star Earth Minerals, Mumbai 

2 Ammonia NICE Chemicals Pvt. Ltd. 

3 Cobalt nitrate NICE Chemicals Pvt. Ltd. 

4 Garlic Local market 

5 Fenugreek Local market 

6 Norfloxacin Sigma Aldrich Pvt. Ltd. India 

7 Congo red NICE Chemicals Pvt. Ltd. 

8 Hydrogen peroxide NICE Chemicals Pvt. Ltd. 

9 
3,3′,5,5′-tetramethylbenzidine 

(TMB) 
Sigma Aldrich Pvt. Ltd. India 

10 Picric acid NICE Chemicals Pvt. Ltd. 

11 Phenol NICE Chemicals Pvt. Ltd. 

12 4-Chlorophenol NICE Chemicals Pvt. Ltd. 

13 Nitrobenzene NICE Chemicals Pvt. Ltd. 

14 4-Nitrophenol NICE Chemicals Pvt. Ltd. 

2.3 Material Designation 

In the present work, four different sets of ceria systems are 

prepared and used for various applications such as photocatalytic 

degradation of dyes and antibiotics, adsorption of dye, photo Fenton 
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degradation, two-way catalysis for gaseous pollutants' treatment, 

H2O2 sensing, and fluorescent sensing of picric acid. One set of ceria 

catalysts were synthesized by precipitation method using varying 

concentrations of ammonia. Cobalt-doped ceria systems with different 

cobalt contents were prepared by wet impregnation of one of the above 

ceria system. The other two sets of ceria systems were prepared 

through sol-gel methods using garlic and fenugreek extracts. The 

designations of various synthesized ceria-based systems included in 

this thesis are given in table 2.2. 

Sl. No. Designation Preparation method 

1 CeO2-1 Prepared by adding 25% ammonia solution 

to cerium nitrate solution followed by 

filteration, washing, drying and calcination 

2 CeO2-2 Prepared by adding 2 M ammonia solution 

to cerium nitrate solutionfollowed by 

filteration, washing, drying and calcination 

3 CeO2-3 Prepared by the addition of cerium nitrate 

solution to 2 M ammonia solutionfollowed 

by filteration, washing, drying and 

calcination. 
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4 CeO2 g-10 Ceria sample prepared with garlic extract at 

a garlic concentration of 10 g/100 ml 

5 CeO2 g-20 Ceria sample prepared with garlic extract at 

a garlic concentration of 20 g/100 ml 

6 CeO2 g-30 Ceria sample prepared with garlic extract at 

a garlic concentration of 30 g/100 ml 

7 CeO2 g-40 Ceria sample prepared with garlic extract at 

a garlic concentration of 40 g/100 ml 

8 CeO2 FG-5 Ceria sample prepared with 5 ml fenugreek 

extract  

9 CeO2 FG-0 Without the addition of fenugreek in 

preparation 

10 CeO2 FG-10 Ceria sample prepared with 10 ml fenugreek 

extract 

11 CeO2 FG-30 Ceria sample prepared with 30 ml fenugreek 

extract 

12 CeO2 CeO2 prepared by ammonia precipitation 
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13 1% Co/CeO2 CeO2 doped with 1 wt% cobalt by wet 

impregnation 

14 2% Co/CeO2 CeO2 doped with 2 wt% cobalt by wet 

impregnation 

15 3% Co/CeO2 CeO2 doped with 3 wt% cobalt by wet 

impregnation 

2.4 Characterization Techniques 

2.4.1 X-ray Diffraction (XRD) 

X-ray diffraction is a non-destructive characterization 

technique commonly used for the analysis of crystalline substances. 

XRD gives information regarding the crystal structure, phase 

identification, crystal orientation, and other parameters such as average 

crystal size, crystal strain, and defects.  X-ray diffractometer contains 

three basic components, an x-ray tube, a sample holder, and a detector, 

and its working is based on the constructive interferences of 

monochromatic X-rays produced by a cathode ray tube. Copper is the 

most common material used to produce X-rays with CuKα radiation of 

wavelength 1.5418Å. When these rays are directed towards the 

sample, the interaction between the rays and materials takes place to 

produce a diffracted ray if the condition satisfies the Braggs law, 

nλ = 2dsinθ;              (eqn 2.1) 
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where λ is the wavelength of electromagnetic radiation, θ is the 

diffraction angle and d is the lattice spacing in a crystalline sample. 

The diffracted X-rays are detected by a detector and process the signal 

to convert into the count rate. The obtained X-ray diffraction patterns 

are unique as the fingerprints of crystals and thus are the characteristic 

of the materials.  

Each diffraction peak is attributed to the scattering from a 

specific set of parallel planes of atoms. Generally, the X-ray 

diffractogram is recorded at room temperature in open quartz sample 

holders in a 2θ range from 10° to 100° in the steps of 0.01°. 

Crystallites smaller than ~120 nm cause broadening of diffraction 

peaks, and thus the peak broadening can be used to estimate the 

average crystallite size of the crystals [1-3]. A Schematic diagram of 

X-ray diffraction is given in figure 2.1. 

In the present study, the crystalline structure, and crystal phases 

of CeO2 were identified from X-ray diffraction patterns by comparing 

them with the JCPDS database. X-ray diffraction measurements of the 

prepared samples were recorded by an advanced X-ray powder 

diffractometer (Bruker AXS D8) using CuKα radiation of 0.15406 nm 

wavelength. All the samples were analyzed in a 2θ range of 10° – 80° 

at room temperature. 

The broadening of XRD peaks is controlled by the size and 

lattice strain, which is appropriately expressed by Williamson–Hall 

(W–H) equation, as given below, 

       (eqn 2.2) 
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where β is the full-width half maximum of the XRD peak, λ is 

the incident x-ray wavelength, θ is the diffraction angle, D is the 

crystallite size, and ε is the lattice strain [4]. 

 

Fig. 2.1 Schematic diagram of X-ray diffraction [4]. 

Thus plotting 4sinθ along X-axis and β cosθ along Y-axis, a linear fit 

can be obtained, named Williamson-Hall (W-H) plot.  The slope of the 

linear fit gives the lattice strain in nanocrystals. Lattice strain in the 

synthesized ceria crystals in this work has been calculated by using the 

W-H equation. 

2.4.2 Scanning Electron Microscopy (SEM) 

The scanning electron microscope (SEM) is one of the most 

resourceful advanced instruments used for analyzing the surface 

morphology of materials. Using SEM, it is possible to achieve a 
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detailed visual image of a particle with high-quality and spatial 

resolution up to 1 nm. Several qualitative information of materials such 

as morphology, topography, composition, and crystallographic ideas 

are revealed from SEM. In this technique, a focused beam of electrons 

is allowed to fall on a sample that provides energy to the electrons of 

the specimen leading to the emission of a variety of signals due to the 

Coulombic field interaction between the incoming electrons and the 

specimen electrons as well as the nucleus. The outcoming signals such 

as secondary electrons (SEs), backscattered electrons (BSEs), photons 

(X-rays used for elemental analysis), and visible light 

(cathodoluminescence – CL) are detected by a secondary electron 

detector, and different information of the sample could be obtained 

according to the detected signal. The sample morphology and 

topography are observed from secondary electrons. Since the electron 

beams are very narrow, SEM micrographs have a large depth of field, 

which gives a three-dimensional appearance and is very useful for the 

surface structure of the specimens. For SEM imaging, the sample 

surface should be electrically conductive, and so the sample is 

mounted on a double-sided carbon tape or aluminium or copper stub 

[5-8]. A Schematic diagram of the scanning electron microscope is 

shown in figure 2.2. 

In this study, the surface morphology of the selected ceria-

based systems was analyzed by Jeol JSM-6390LV/OXFORD XMX N 

scanning electron microscopy at an accelerating voltage of 0.5 to 30 
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kV. The microstructure of the samples was revealed from the SEM 

images. 

 

Fig. 2.2 Schematic diagram of a scanning electron microscope [8]. 

2.4.3 Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is one of the 

common characterization techniques for nanomaterials in which a 

high-energy beam of electrons is transmitted through a thin specimen 

to provide chemical information, and images with a spatial resolution 

of atomic dimension level is obtained. The basic principles are the 

same as that of a light microscope and the difference is that the 

electron beam is used here instead of light, and electromagnetic lenses 

are provided instead of glass lenses. The interaction of electron beam 

and sample results in elastic and inelastic scattered electrons and the 
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corresponding images formed have significantly higher resolution than 

the light microscopes, due to the smaller de Broglie wavelength of 

electrons. The main components of TEM are a vacuum system in 

which the electrons travel, a source of electrons for the generation of 

the electron stream, and a series of electromagnetic lenses and 

electrostatic plates. For a conventional TEM, the specimens should be 

less than 100 nanometers thick.  

 

 

  

 

 

 

 

 

 

 

Fig. 2.3 Schematic diagram of transmission electron microscope [12]. 

TEM is primarily used for the determination of microstructure, 

chemical composition, morphology, size of the nanoparticles, and 

degree of aggregation. Using high-resolution transmission electron 

microscopy (HRTEM), imaging of the atomic structure of the sample 
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can be obtained that is used to study the properties of samples 

including semiconductors, metals, nanoparticles, graphene, carbon 

nanotubes, etc.  

Elemental analysis and examination of chemical bonding in 

nano-objects can be obtained by incorporating spectroscopic methods 

(EDS and EELS), and crystallographic structure can be studied from 

selected area diffraction (SAED) patterns [9-12]. A Schematic diagram 

of the transmission electron microscope is given in figure 2.3. 

The TEM images of the representative ceria samples 

synthesized in the present work were done by using Jeol/JEM 2100 

high-resolution transmission electron microscope at an operating 

voltage of 200 kV. The SAED patterns of the systems were also 

analyzed by the same instrument. Information on the grain size, 

particle size, and size distribution of the particles is obtained from the 

TEM images. 

2.4.4 Ultraviolet-Visible Spectroscopy 

UV-vis spectroscopy is a technique used for the 

characterization and quantitative determination of substances based on 

their absorption of light. When a sample is illuminated with 

electromagnetic rays of various wavelengths in the visible, UV, or near 

IR region, depending upon the nature of the substance, light is partially 

absorbed. The transmitted light is recorded by a detector as a function 

of wavelength, giving the spectrum of the sample. A UV-vis 

spectrophotometer measures the intensity of light passing through a 
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sample solution in a cuvette and compares it to the intensity of the light 

before it passes through the sample. A UV-vis spectrophotometer 

consists of components such as a sample holder, a dispersive device to 

separate the different wavelengths of the light (e.g. a monochromator) 

and a suitable detector. Due to the absorption of some part of light by 

the sample, the fraction of light collected by the detector which is 

called the transmitted intensity will be less than the incident intensity 

(I0). The ratio I/I0 is called transmittance (T), and the negative 

logarithm of the transmittance (-logT) is known as absorbance (A) or 

optical density. In general, a UV-vis spectrum is graphically 

represented as absorbance as a function of wavelength; the height of 

the absorption peaks is directly proportional to the concentration of the 

species. It is possible to determine the sample concentration from the 

measured absorbance value by using the Beer-Lambert law, 

A = εcd                   (eqn 2.3) 

where c is the sample concentration, d is the path length of the 

cuvette, and ε is the extinction coefficient, describing how much the 

sample is absorbing at a given wavelength. The position and profile of 

the absorption peak can be used to identify the components present in 

the sample solution, and the sample concentration can be calculated 

from the absorbance value of the peak. Also, the peak position reveals 

information about the molecular structure of the sample and the 

microscopic environment of the sample molecules such as the presence 

of impurities or other solvents in the sample solution. It is commonly 

applied to organic molecules, inorganic ions or complexes in solutions, 
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and also to solid materials such as films or glass [13-16]. A schematic 

representation of the UV-vis spectrophotometer is shown in figure 2.4. 

The solutions in the photocatalytic degradation of norfloxacin 

and photo Fenton degradation of Congo red were analyzed by using 

PerkinElmer UV WinLab Lambda 850 spectrophotometer.  

 

Fig. 2.4 Schematic representation of UV-visspectrophotometer [16]. 

The UV spectra of norfloxacin were measured in a wavelength 

range of 200 nm to 400 nm with an absorption maximum of 

wavelength 271 nm and that of Congo red solution in a wavelength 

range of 400 nm to 800 nm with an absorption maximum at 499 nm. 
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Optical sensing of H2O2 was monitored using PerkinElmer UV 

WinLab Lambda 850 spectrophotometer. 

2.4.5 UV-visDiffuse Reflectance Spectroscopy (DRS) 

Diffuse reflectance spectroscopy (DRS), also known as elastic 

scattering spectroscopy is commonly used in the optical 

characterization of materials in which the diffuse reflection of radiation 

is measured. When a sample is illuminated with a light source with a 

wavelength range from UV to near-infrared (NIR), some of them 

undergo reflection from the surface where the angle of incidence is 

equal to the angle of reflection called specular reflection. Some of 

them undergo diffuse reflection, which arises from the various 

interactions, reflection, refraction, diffraction, and absorption by 

particles oriented in all directions within the reaction volume of an 

element. The amount of diffuse light is measured and is used to 

characterize the optical properties of the samples. The intensity of the 

reflected light from the reaction layer of the sample and that of an ideal 

non-absorbing reference sample is measured as a function of the 

wavelength λ, and is expressed as percent reflectance (%R); 

% R = (Is/Ir) Rr         (eqn 2.4.) 

whereIsis the reflected light from the sample, Ir is the reflected 

light from the standard reflector, and Rr is the percent reflectivity of 

the standard. Barium sulfate having an absolute reflectance of 0.973 to 

0.988 is considered a suitable standard in DRS. Since these 

measurements have no linear relation with concentration, Kubelka–
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Munk equation is used to linearize the relationship between %R and 

analyte concentration, which is given by, 

Cα(K/S) = (1-R)2/2R         (eqn 2.5.) 

where C is the concentration, K is the absorption coefficient, and S is 

the scattering coefficient [17-20]. A Schematic diagram of the diffuse 

reflectance spectrometer is presented in figure 2.5. 

 

Fig. 2.5 Schematic diagram of diffuse reflectance spectrometer [20]. 

The optical properties of the CeO2 samples prepared were 

analyzed by diffuse reflectance (DR) UV-vis spectra in the range of 

200-800 nm by a Varian Cary 5000 model UV-vis NIR 

spectrophotometer. The reflectance data of the samples were used to 



Chapter  2 

112 Sree Neelakanta Govt. Sanskrit College, Pattambi 
 

calculate the bandgap energy by applying the KubelkaMunk function 

to correlate with its photocatalytic performances. 

2.4.6 Fourier Transform Infrared (FTIR) Spectroscopy  

Infrared absorption spectroscopy is the study of the interaction 

of infrared radiation with the matter as a function of photon frequency 

and is used as a non-destructive technique for studying the chemical 

bonding in materials. Fourier Transform Infrared (FTIR) spectrometry 

was developed to overcome the limitations of the dispersive method by 

a mathematical technique called the Fourier transformation. The main 

drawback is the slow scanning rate. In FTIR, a very simple optical 

device called an interferometer produces a unique type of signal, which 

has all of the infrared frequencies "encoded" into it. The signal can be 

measured within one second or so, thus, reducing the analysis time to a 

few seconds rather than several minutes. The decoding of the 

individual frequencies was accomplished by a well-known 

mathematical technique called Fourier transformation performed by 

the computer, and a frequency spectrum is obtained for the desired 

spectral information for analysis. FTIR provides specific information 

about the vibration of the chemical bonds and molecular structures of 

both organic and inorganic materials. Since each molecule is a unique 

combination of atoms, an infrared (IR) spectrum can be considered as 

the fingerprint of molecules with the absorption peaks corresponding 

to the frequencies of vibrations of different bonds in the molecules. 

Most IR spectra are usually studied in the region 4000cm-1 to 400 cm-1 

in which fundamental vibrations and rotations of the molecules are 
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observed. The region of 4000cm-1 – 1450 cm-1 is known as the 

functional group region in which the frequencies of functional groups 

present in the molecule are observed. The region below 1450 cm-1 is 

called a fingerprint region since it contains complicated absorption 

peaks corresponding to all bending vibrations of bonds. Besides, since 

the size of the peaks in the spectrum is a direct indication of the 

amount of material present, the FTIR spectrum can also be used for the 

quantitative estimation of materials in a mixture [21-24].  

 

Fig. 2.6 Schematic representation of FTIR spectrometer [24]. 

A Schematic diagram of the FTIR spectrometer is shown in 

figure 2.6. 

FTIR spectra of the samples used in Congo red degradation and 

picric acid-sensing were recorded with a Perkin Elmer spectrum two 

L1600300 FTIR spectrometer, whereas the spectra of catalysts used in 
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norfloxacin degradation and gaseous pollutant degradation (ceria and 

cobalt doped samples) were taken using Thermo Nicolet Avatar 370 

FTIR spectrometer. All the samples were scanned in a range of 4000 

cm-1 to 400 cm-1. 

2.4.7 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) formerly known as 

ESCA (Electron Spectroscopy for Chemical Analysis), was developed 

in the mid-l960s by Kai Siegbahn and his research group at 

theUniversity of Uppsala, Sweden. XPS involves a single electron 

process based on the photoelectron effect described by Albert Einstein 

and gives information about the oxidation state and atomic 

composition of the analyzed compounds. The surface of the specimen 

is irradiated by X-ray with the energy of hν, and monoenergetic 

photons knock out the electrons from the surface atoms. Photons with 

higher energy penetrate deeper into the sample, and electrons are 

ejected from the inner atomic energy levels, which are bound to the 

nucleus with a binding energy Eb. The kinetic energy of the ejected 

electrons Ek, is determined by the following equation; 

Ek= hv-Eb- ϕ         (eqn 2.6.) 

whereϕis the work function, which is the minimum energy needed to 

remove an electron from a solid. The energies of the ejected electrons 

are detected, and a spectrum is obtained as a plot of the number of 

detected electrons per energy interval versus the kinetic energy. The 

chemical shift (variations in the elemental binding energy) in XPS, 
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which arises from differences in the chemical potential and the 

polarizability of compounds, can be used to identify the oxidation state 

and chemical composition of elements of the sample. Also, 

quantitative data can be obtained from the peak height or peak area 

[25-28]. Schematic representation of the X-ray Photoelectron 

spectrometer is given in figure 2.7. 

 

Fig. 2.7 Schematic representation of X-ray Photoelectron spectrometer 
[28]. 

     X-ray photoelectron spectroscopy (XPS) analysis of the samples 

synthesized in this study was performed with an auger electron 

spectroscopy model PHI 5000 Versa Probe II, FEI. The oxidation state 

of the elements in the samples as well as their chemical compositions 

was analyzed from the spectra. 
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2.4.8 Photoluminescence (PL) Spectroscopy and Fluorescence 

Spectrophotometry 

In Photoluminescence (PL) spectroscopy, the energy levels in a 

semiconductor are investigated using the phenomenon called 

photoluminescence, which is the emission of light when a substance is 

subjected to optical excitation. When a photon has energy greater than 

the bandgap energy of the semiconductor, the electrons are excited 

from the valence band up to the conduction band. These electrons 

eventually come back to the valence band, and it loses the excess 

energy in the form of luminescence emitted from the material, and the 

process is known as photoluminescence. The emitted luminescence is 

collected by a lens and passed through an optical spectrometer onto a 

photon detector. The obtained PL spectrum can be used to provide 

qualitative and quantitative information about chemical compositions, 

structural impurities, kinetic processes, energy transfer sensitivity, etc. 

Each excited state has a characteristic lifetime, and depending on the 

characteristic lifetime of emission, fast PL with a lifetime of sub-micro 

seconds is obtained, which is called fluorescence, whereas slower ones 

are referred to as phosphorescence. Fluorescence spectroscopy (also 

known as fluorimetry or spectrofluorometry) measures the 

fluorescence from a sample. Fluorescence spectrophotometry has been 

designed to measure fluorescence intensity, spectrum, lifetime, and 

polarization. Fluorescence intensity determines the presence of 

fluorophores and their concentrations. A typical fluorometer includes a 

light source, a specimen chamber with integrated optical components, 
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and high sensitivity detectors. Various light sources such as lasers, 

LEDlamps, xenon arcs, and mercury-vapor lamps may be used as 

excitation sources [29-32]. A Schematic diagram of the 

photoluminescence spectrometer is shown in figure 2.8. 

 

Fig. 2.8 Schematic diagram of photoluminescence spectrometer [32]. 

The fluorescence study of this work has been done by using 

PERKIN-ELMER FL 6500 spectrometer with a Xe lamp as the 

excitation source. All the experiments were carried out using aqueous 

dispersions of nanoparticles in the air as an emission filter and an 

emission slit of 5 nm.  
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2.4.9 Raman Spectroscopy 

Raman spectroscopy is a technique used to determine the 

vibrational modes of a molecule and thus to obtain a structural 

fingerprint of the molecule. It is based on the inelastic scattering of 

light called Raman scattering. When a laser beam or a monochromatic 

light in the range of visible, near-infrared, or near-ultraviolet is 

allowed to interact with molecular vibrations or other excitations in the 

system, the scattered laser will be shifted in energy up or down. This 

energy shift is a characteristic of the vibrational modes of the 

molecules in the system and yields complementary information to IR 

spectroscopy. Modern spectrometers use a laser beam as the light 

source. Typically, when a sample is illuminated with a laser beam, the 

elastically scattered radiation is filtered out by a notch filter, and the 

remaining light is dispersed onto a detector. Raman scattered light is 

typically collected and either dispersed by a spectrograph or with an 

interferometer for detection by Fourier Transform (FT) methods.  In 

solid-state physics, Raman spectroscopy is used to characterize 

materials, and to find the crystallographic orientation of a sample. If 

we know the point group of a crystal structure, the orientation of an 

anisotropic crystal can also be found from the polarization of Raman-

scattered light to the crystal, and the polarization of the laser light [33-

36]. A Schematic diagram of the Raman spectrometer is given in 

figure 2.9. 

In the present study, the RAMAN scattering measurements of 

the synthesized samples were carried out using Confocal Raman 
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Microscope with AFM imaging (WiTec alpha 300, Germany). The 

cubic fluorite structures of ceria nanoparticles synthesized are 

confirmed from the Raman active mode of vibrational bands of ceria in 

the Raman spectrum, which supported the crystal phase identification 

from XRD analysis. 

 

Fig. 2.9 Schematic diagram of Raman spectrometer [36]. 

2.4.10 Brunauer–Emmett–Teller (BET) Surface Area – Pore 

Volume Measurements 

Brunauer–Emmett–Teller (BET) method is used in the area of 

nanotechnology for the determination of surface area, porosity, and 

thus the nature of materials. The specific surface area determines the 

contact area of the nanomaterial with other molecules or surfaces. BET 

method is the most standard method for surface area determination 

developed by Brunauer, Emmett, and Teller in 1938, and it is based on 

the multilayer physical adsorption of a non-corrosive gas such as 

argon, nitrogen, carbon dioxide, etc. on the solid material. Mainly 
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nitrogen is used because of its high purity and its strong physisorption 

to most solids. Before the analysis, the sample must be degassed to 

remove any contaminants. The sample is then is cooled down to 77K 

followed by nitrogen injection at various pressures. Surface area is 

determined from the amount of gas adsorbed corresponding to a 

monomolecular layer on the surface of the material by applying the 

BET equation, 

P
V(P-P0)

=
P
P

C-1
VmC

+
1

VmC           (eqn 2.7) 

where P/P0 is the relative pressure, P0 is the gas saturation pressure, V 

is the volume of gas admitted into the sample chamber, C is the so-

called BET constant, P is the partial saturation pressure of the 

adsorptive gas in equilibrium with the surface, and Vm is the volume of 

gas needed to create a monolayer on the sample.Barret-Joyner Halenda 

(BJH) analysis can also be utilized to determine pore area, specific 

pore volumes, and pore size distribution through adsorption and 

desorption techniques. The analysis data are obtained in the form of a 

BET isotherm, which plots the amount of gas adsorbed as a function of 

the relative pressure. Characteristic isotherm shapes are defined by the 

International Union of Pure and Applied Chemistry (IUPAC) and used 

to describe the classes of materials [37-40]. A Schematic diagram of 

the Brunauer–Emmett–Teller (BET) Surface Area analyzer is given in 

figure 2.10. 
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Fig. 2.10 Schematic diagram of Brunauer–Emmett–Teller (BET) 
Surface Area analyzer [40]. 

The specific surface area of the selected samples in the present work 

has been analyzed by the BET method and the pore size distribution 

was obtained by the BJH model from the nitrogen adsorption-

desorption isotherm of the samples measured using Micromeritics 

ASAP 2010 analyzer at 77K. The surface areas of the ceria samples 

were correlated with their activity/response in different studies. 

2.4.11 Temperature Programmed Reduction (TPR) 

Temperature Programmed Reduction (TPR) is a widely used 

characterization technique to study the surface chemistry of metal 

oxides, mixed metal oxides, and metal oxides dispersed on a support. It 

provides quantitative information regarding the reducibility of the 

surface. It is most commonly used in the field of heterogeneous 
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catalysis to find the most competent reduction conditions. In this 

technique, a programmed temperature rise is applied on a solid oxide 

while passing a reducing gas (usually hydrogen diluted with an inert 

gas like N2 or Ar) over it. This linear heating allows the reduction rate 

to be correlated with the temperature. A thermal conductivity detector 

(TCD) or mass spectrometer records the concentration of effluent gas, 

and the corresponding TPR profile is obtained. The peak maximum 

corresponds to the temperature where the rate of reduction is 

maximum, and the area under the peak in concentration vs. time (or 

temperature) gives the total gas consumed by the solid material for 

reduction. Qualitative information regarding the oxidation state of the 

reducible species, and the quantity of the available reducible sites can 

also be obtained from TPR profiles [41-44]. A Schematic diagram of 

Temperature programmed reduction measurement is shown in figure 

2.11. 

 

Fig. 2.11 Schematic diagram of temperature programmed reduction 
measurement [44]. 

Temperature programmed reduction was performed in a 

reaction device Micromeritics Instrument ChemiSoftTPx V1.02, 
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equipped with a TCD detector using 5% H2 in Ar at a flow rate of 25 

cm3/min. TPR was recorded from room temperature to 900 ℃ at a 

heating rate of 10 ℃/min. The reducibility of ceria and cobalt doped 

ceria catalysts used in the CO and HC oxidation study was analyzed 

using the H2-TPR profile of the samples. 

2.4.12 Thermogravimetric (TG) Analysis 

Thermogravimetry (TG) or Differential Thermal Analysis 

(DTA) is a characterization method used to obtain information 

regarding the thermal stability, purity, and composition of a material. 

In this technique, the sample specimen is subjected to a specific 

temperature program in a controlled atmosphere, and the mass of the 

substance is monitored as a function of temperature or time. TG 

consists of a sample pan residing in a furnace that heats the sample and 

is supported by a precision balance. An inert or reactive gas flows over 

the sample and exits through the exhaust. The mass of the sample is 

monitored continuously while heating and the mass loss during the 

temperature change can be obtained in the form of a thermogram. The 

apparatus used for obtaining a thermogram curve (TG curve) is known 

as thermobalance and it consists of a continuously heated furnace, 

temperature programmer, and a recorder. The result of thermal analysis 

or thermogram is influenced by several factors such as the amount and 

particle size of the material, the speed of the recorder noting the 

change in weight, the shape of the sample container, the rate of heating 

the sample, and the ambient atmosphere during analysis.  
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Fig. 2.12 Schematic diagram of Thermogravimetry (TG) or 
Differential Thermal Analysis [48]. 

A thermogram gives detailed information regarding the thermal 

stability of the sample at different temperatures and pressures of the 

environmental gases, the order of the degradation reaction, etc [45-48]. 

A Schematic diagram of Thermogravimetry (TG) analysis is shown in 

figure 2.12.Thermal analysis of the best ceria sample used in the 

Congo red degradation study was performed on a Perkin Elmer 

Diamond TG/DTA instrument in a temperature range from RT to 600 

°C in the N2 atmosphere. 
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Chapter 3 

Photocatalytic Degradation of Norfloxacin 

Under UV, Visible and Solar light using Ceria 

Nanoparticles 

 
 

 

Cerium oxide nanoparticles were synthesized by ammonia 

precipitation method and have been effectively used for the 

photocatalytic degradation of norfloxacin antibiotics. 
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3.1 Introduction  

The environmental pollution due to the occurrence of 

pharmaceuticals, especially antibiotic residuals, in water bodies is of 

great concern for the past few decades [1]. Norfloxacin (NOF) is a class 

of drugs belonging to fluoroquinolone antibiotics that are used to treat so 

many diseases in both humans and animals [2]. But a major part of it is 

excreted into the environment because of its lower metabolism and poor 

biodegradability. Even a trace amount of NOF in water may interfere 

with bacterial DNA replication that leads to the growth and spread of 

antibiotic-resistant bacteria. NOF is also known to be somewhat toxic to 

aquatic organisms and humans. So it is very crucial to remove these 

antibiotic residuals from water effectively [3]. Some of the techniques 

used to remove antibiotics from water bodies involve adsorption, 

biodegradation, air stripping, reverse osmosis, ultrasonic techniques, and 

advanced oxidation processes (AOPs) [4-6]. Heterogeneous 

photocatalysis using metal oxide semiconductors is one of the most 

suited methods for pollutant removal due to its high degradation and 

mineralization capacity. Metal oxides can function by high energy 

utilization of either solar or any other light sources as mentioned in 

chapter 1, section 1.3. [7-9]. Catalytic recycling makes the 

environmentally benign photocatalytic approach less expensive. 

Many synthetic strategies are reported to reduce the rate of 

recombination of electron-hole pairs and also to increase the visible light 

absorption capacity of ceria. Wen and coworkers have synthesized a 
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ternary Ag/AgCl-CeO2 photocatalyst by in-situ deposition followed by 

the photoreduction process for NOF degradation [2]. They have also 

reported a ternary Ag2CO3/CeO2/AgBr photocatalyst for degrading 

levofloxacin under visible light irradiation [10]. A novel Ag2O/CeO2 

heterojunction photocatalyst was reported for the degradation of an 

antibiotic, enrofloxacin, under visible light [1]. Most CeO2 photocatalysts 

with heterojunctions contain noble metals, and their synthetic methods 

are time-consuming multistep processes.  

Among the several methods of preparation of ceria, chemical 

precipitation is an attractive methodology as it is easily scalable, low 

cost, and is simple to operate. In this work, we synthesized pure ceria in 

ultrasmall dimensions by simple precipitation method using ammonia as 

the precipitating agent and cerium nitrate as the precursor. Three 

different ceria catalysts were prepared; (1) by adding 25% NH3 to the 

precursor solution, (2) by adding 2M NH3 to the precursor solution, and 

(3) by adding the precursor solution to 2M NH3 solution. The sizes of the 

nanoparticles synthesized were correlated with the synthesis method. The 

prepared catalysts were characterized by several analytical techniques 

and their photocatalytic activity in NOF degradation was studied under 

UV, solar, and visible light irradiation. 

3.2 Experimental 

3.2.1 Catalyst Preparation 

 Different cerium oxide catalysts were prepared by the ammonia 

precipitation method. In the first method, 25% NH3 solution was added 
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dropwise to a solution of 0.05 M cerium nitrate while stirring at room 

temperature till the pH of the solution became 10. The obtained cerium 

hydroxide suspension was stirred continuously to oxidize Ce3+ to Ce4+ 

state. The resultant yellow colored suspension was filtered and the 

precipitate was washed several times with water till the washings are free 

from nitrate ions.  

 

Fig. 3.1 Synthesis of ceria nanoparticles by ammonia precipitation. 

The precipitate was dried overnight at 100 ℃ in an oven and 

calcined at 500 °C for 5 h. The prepared system was designated as CeO2-

1. The second catalyst was prepared by adding 2 M ammonia solution as 

the precipitating agent following the previous preparation method. The 

sample prepared was designated as CeO2-2. The third sample (CeO2-3) 

was prepared by the addition of cerium nitrate solution to 2 M ammonia 

solution. Further steps are the same as before. The preparation method is 

depicted in figure 3.1. 
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3.2.2 Photocatalytic Degradation of NOF 

Photocatalytic activities of the three prepared systems were 

examined in NOF antibiotic degradation. In a typical procedure, 50 mg 

of the prepared photocatalyst was added to a 50 ml solution of NOF of 

concentration 10 mg/L and stirred in a photoreactor illuminated with an 

8x8 W UV lamp at room temperature. After fixed time intervals, the 

reaction mixture was taken from the reactor and centrifuged to remove 

the catalyst particles. The concentration of the antibiotic was measured 

with a UV-vis spectrophotometer at an absorption wavelength maximum 

of 277 nm. The photocatalytic degradation was investigated by varying 

the reaction time, catalyst weight, solution volume, and solution 

concentration to find out the best conditions of the reaction for effective 

photocatalysis. 

3.2.3 Catalyst Reusability Studies 

The reusability of the catalyst in repeated runs was also 

investigated in the degradation of 50 ml of 10 mg/L NOF solution over 

0.05 g catalyst under visible light irradiation. The catalyst (CeO2-2) was 

collected by filtration after the photocatalytic reaction, washed several 

times with distilled water and acetone, dried, and activated at 500 ℃ for 

1 h before further use. The reaction was then carried out again under the 

same conditions as above and the percentage of degradation was 

calculated. The process was repeated for four cycles to study the 

reusability of the catalyst. FTIR spectrum of the spent catalyst after the 
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fourth cycle was then measured to investigate the changes that occurred 

to the catalyst in repeated runs. 

3.3 Results and Discussion 

Crystal structure and phase identification of the prepared systems 

are done from X-ray diffraction analysis. 

 

Fig. 3.2 XRD patterns of ceria samples prepared by precipitation 
method. 

All the peaks observed in the diffraction pattern (figure.3.2) can be 

indexed to the cubic fluorite structure of ceria with space group Fm3m 

(JCPDS 34-0394) [11-13]. The broadened peaks are due to the small 

crystallite size of the particles. The crystallite size of the nanoparticles 

was calculated by using Scherrer formula, from the main intense peak 
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that is of the (111) plane of CeO2 [14]. The lattice parameter was also 

calculated from the XRD pattern.  

The crystallite size and lattice parameter calculated for the samples 

are below 8 nm (table 3.1). The slight increase in the lattice parameter 

compared to that of bulk ceria (0.5411 nm) indicates more Ce3+ ions in 

the crystal lattice [14]. Structural defects in crystals cause lattice strain, 

which is a quantitative measure of dislocations and crystal defects. 

Oxygen vacancies or defects in the ceria lattice results in the lattice 

strain, which can reduce by lattice expansion [15]. The lattice strain 

involved in the prepared nanocrystals is calculated from the Williamson-

Hall plot as presented in figure 3.3, and the values are in table 3.1. The 

characteristic strain in the ceria crystals is due to the small crystallite size 

of the particles. 

Table 3.1 Crystal parameters analyzed from XRD patterns. 

Sample The crystallite 

size (nm ) 

Lattice 

Parameter(nm) 

Lattice strain 

CeO2-1 7.1 0.5424 0.0022 

CeO2-2 5.5 0.5441 0.0068 

CeO2-3 6.9 0.5421 0.00469 
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Fig. 3.3 Williamson-Hall plot of ceria crystals. 

The FTIR spectra of the three ceria samples are presented in figure 

3.4. Characteristic absorption peaks are observed at 500 cm-1, 729 cm-1, 

870 cm-1, 2340 cm-1 and 3450 cm-1 which are attributed to the formation 

of pure CeO2 phase [16]. The band around 500 cm-1 is due to the 

symmetric stretching vibration of the Ce-O bond, whereas the peaks 

centered at 729 cm-1 and 870 cm-1 are assigned to the Ce-O-Ce 

vibrations.  The peak at 1320 corresponds to the O-H bending vibration 

of the Ce-OH bond [14]. The broad absorption bands at 3450 cm-1 and 

1610 cm-1 are the stretching and bending vibrations O-H bond of water 

molecules physically adsorbed on the surface of ceria particles. Surface 

hydroxyl groups also contribute to the band centered at 3450 cm-1. 
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Fig. 3.4 FTIR spectra of ceria samples. 

 

 

Fig. 3.5 Adsorption-desorption isotherm of ceria samples and pore 
size distribution of the sample CeO2-2 is shown inset. 
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The specific surface area and pore size distribution of the prepared 

systems were obtained by measuring the adsorption-desorption isotherm 

(given in figure 3.5.) and by BJH methods. The isotherms are of Type IV 

indicating the presence of mesoporous nature of the catalysts [17]. The 

specific surface area, pore size distribution, and particle size calculated 

from TEM images of the ceria sample are given in Table 3.2. 

In the diffuse reflectance spectra of the ceria catalysts (figure. 3.6), 

a strong absorption band is observed between 350 and 400 nm. Kubelka–

Munk plot is used for estimating the bandgap of ceria and the plot of 

CeO2-2 is shown in figure 3.7 [16]. The energy gap values lower the 

reported value of bulk ceria (3.19 eV), which may be due to the quantum 

confinement of the synthesized ceria nanoparticles [18-19]. 

Table 3.2 Characteristic parameters of ceria samples. 

Sample BET 

S.A. 

(m2/g) 

Pore 

volume

(cm3/g) 

Bandgap  

 (eV) 

Particle 

size  

(nm) 

 

CeO2-1 

 

108.3 

 

0.147 

 

3.07 

 

8.0 

CeO2-2 123.2 0.164 3.01 6.5 

CeO2-3 116.6 0.127 3.10 7.1 
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Fig. 3.6 Diffuse reflectance spectra of the ceria samples.  

 

Fig. 3.7 Kubelka – Munk plot of CeO2-2 for calculating the 
bandgap. 
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The microstructure and morphology of the catalysts are examined 

by TEM and SEM analyses (figure 3.8.) All three catalysts are spherical 

and the well-distributed spherical particles in the size range of 5–8 nm 

are visible in the TEM images. The average particle size is given in 

Table 3.2, the trend of which agrees with the crystallite size obtained 

from XRD analysis and this justifies the quantum confinement effect as 

suggested from the low bandgap values obtained from DR UV-vis 

spectral analysis. 

 

Fig. 3.8 SEM and TEM images of ceria samples. The SAED patterns of 
the corresponding samples are shown inset. 
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Fig. 3.9 XPS spectra of Ce 3d region of ceria samples. 

 

Fig. 3.10 XPS spectra of O1s region. 
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All the three ceria samples were investigated by XPS analysis and 

the Ce 3d region and O1s region of the spectra are shown in Figures 3.9 

and 3.10 respectively. In Ce 3d XPS spectra, the peaks at 882 eV, 886 

eV, 895 eV, 898 eV, 905 eV and 914 eV corresponds to Ce4+ state and 

the peak at 880 eV is due to the presence of Ce3+ oxidation state of 

cerium [14, 10]. The O1s spectra of ceria contain two peaks. The peak at 

527.3 eV is assigned to the lattice O2- ions, whereas the less intense 

shoulder peak at 530 eV is assigned to the surface hydroxyl groups [19]. 

The photocatalytic performance of the synthesized catalysts on 

NOF degradation is compared under UV light using a 10 mg/L solution 

of NOF. The reactions were carried out at different time intervals. A 

maximum of 98.9% degradation was obtained using CeO2-2 under UV 

light within 1 h. The effect of catalyst weight, solution volume, and 

antibiotic concentration were studied using the CeO2-1 catalyst and the 

results are presented in figures 3.11 to 3.14. 50 ml NOF solution of 

concentration 10 mg/L was used to study the effect of catalyst weight 

and the reaction was carried out for 10 min. The percentage of 

degradation increased with an increase in the catalyst weight since the 

availability of photoactive sites increases with the catalyst dosage. The 

effect of the volume of NOF solution was studied using a 0.05 g catalyst 

for a 10 min reaction. The percentage of degradation decreased with an 

increase in the solution volume. When the concentration of NOF solution 

was increased from 10 mg/L to 25 mg/L, the percentage of degradation 

decreased from 95.7% to 73.5%. The decrease in the percentage 

degradation with the amount/concentration of dye molecules is due to the 
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availability of the same number of active sites for more NOF molecules 

since the catalyst amount is kept constant. Among the three catalysts, 

CeO2-2 synthesized by adding 2 M NH3 to the precursor solution showed 

the highest activity compared to others. This may be due to its smaller 

particle size and higher surface area, as evidenced by TEM and BET SA-

pore volume analyses. 

 

Fig. 3.11 Photocatalytic activity of ceria samples on NOF 
degradation in different time intervals at the reaction conditions of 50 ml 

NOF solution with 10 mg/L concentration and 50 mg catalyst. 

The photocatalytic activity of the catalyst CeO2-2 on NOF 

degradation is compared with the degradation of commercially available 

NOF tablet solution of the same concentration, and the result is presented 

in figure 3.15. The catalyst is almost equally active in the degradation of 

both samples. 
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Fig. 3.12 Effect of catalyst weight in the degradation of 50 ml NOF 
solution with 10 mg/L concentration for 10 min reaction. 

 

Fig. 3.13 Effect of solution volume on NOF degradation over 0.05 
g CeO2-2 catalyst with 10 mg/L NOF concentration for 10 min reaction. 
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Fig. 3.14 Effect of NOF concentration over 0.05 g catalyst CeO2-2 
in the degradation of 50 ml NOF solution for 10 min reaction. 

 

Fig. 3.15 Comparison of photocatalytic degradation activity of 
CeO2 -2 on NOF chemical (dry powder) and tablet. 
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The reusability of the best catalyst, CeO2-2, is checked for four 

consecutive cycles (figure. 3.16), and the stability of the catalyst after the 

fourth run was investigated using FTIR spectroscopic analysis of the 

spent catalyst. The catalyst retained 97% of its initial activity even after 

four cycles and the functionalities of the catalyst remained unaffected 

even after repeated uses, as evident from the FTIR spectra of the initial 

and spent catalysts (figure. 3.4). 

 

Fig. 3.16 Reusability study of the best catalyst CeO2-2. 50 ml NOF 
solution of 10 mg/L concentration and 0.05 g catalyst used for 30 min 

reaction. 

The photocatalytic activities of all the three catalysts were also 

investigated under the sun and visible light, and the results are given in 

Table 3.3. All the prepared catalysts are active in visible and solar 
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calculated from the UV data. 
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Table 3.3. Comparison of photocatalytic degradation under different 
light sources*. 

Catalyst 

% Degradation 

UV light Visible light Solar light 

CeO2-1 90.2 91.4 89.1 

CeO2-2 94.8 92.1 90.4 

CeO2-3 85.5 77.2 81.7 

* 50 ml NOF solution of 10 mg/L concentration and 0.05 g catalyst was 
used for 10 min irradiation. 

 

 

 

 

 

 

Fig. 3.17. A plausible mechanism of photocatalytic degradation of 
norfloxacin by ceria nanoparticles. 

A plausible mechanism of photocatalytic degradation of NOF in 

the presence of ceria nanoparticles is represented in figure 3.17. When 
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valence bond (VB) of CeO2 to the conduction band (CB) and holes (h+) 

are created in the VB. The electrons in the CB combined with O2 to 

produce superoxide radical anion (O2
.-), which then reacts with a water 

molecule to form hydroxyl radicals and ions (OH. and OH-). Holes (h+) 

in the VB react with OH- ions or water to form hydroxyl radicals. The 

highly oxidizing species such as OH· or O2
.-etc. react with NOF to 

decompose it into intermediate radicals and finally to complete 

demineralization products such as H2O, CO2, etc. 

3.4 Conclusions 

Here, pure ceria nanoparticles were synthesized in the ultra-small 

dimension by a simple precipitation method using NH3 as the 

precipitating agent. Material characterization by XRD, FTIR 

spectroscopy, XPS, DR UV–vis spectroscopy, SEM, and TEM revealed 

the structure and morphology of different ceria photocatalysts. The 

photocatalytic performance of the catalysts on NOF degradation was 

studied under UV, visible, and solar light irradiation. The effect of 

irradiation time, catalyst weight, solution volume, and antibiotic 

concentration on photocatalytic activity were studied under UV light. 

The use of 2 M NH3 as the precipitating agent leads to the formation of 

CeO2 nanoparticles showing maximum degradation of 98.9% of 50 ml 

10 mg/L NOF solution for 30 min UV light irradiation over 0.05 g 

catalyst. The present study reported an efficient catalyst in the 

photodegradation of norfloxacin that showed good reusability in its 

consecutive cycles. 
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Chapter 4 

Adsorption and Photo Fenton Degradation of 

Congo red Dye by Ceria Nanoparticles 

Synthesized using Allium Sativum Extract 

 

 

 

 

 

 

 

 

 

 

 

Nanostructured mesoporous ceria materials are synthesized by sol-gel 

method using aqueous Allium sativum (garlic) extract and have been 

used both as adsorbents and as photo Fenton catalysts for the removal 

of Congo red dye. 
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4.1 Introduction 

Azo dyes with azo bonds(-N=N-) are used in various industries 

like textiles, paper, leather, cosmetics, and plastic [1]. Contamination of 

water bodies by the release of azo dyes is of great concern in this period 

as most of them are toxic, mutagenic, carcinogenic, and non-

biodegradable [2]. Since these dyes are stable, continuous release of 

them into water bodies creates tribulations like eutrophication, turbidity, 

and poses long-term health hazards to both humans and aquatic 

organisms [3]. Congo red [1naphthalene sulfonic acid, 3,30-(4,40-

biphenylenebis(azo))bis(4amino-)disodium salt] (CR) is an anionic 

water-soluble diazo dye used especially as an indicator and biological 

stain. Most of the traditional treatment processes such as adsorption, ion 

exchange, chlorination, chemical oxidation, coagulation, flocculation, 

and biological degradation are less effective since many of them result 

in secondary pollutants during dye removal [4]. Among these traditional 

methods, adsorption is of great significance in dye removal due to the 

low cost, simple operation, and high efficiency of the process [5-9]. So 

it is highly advantageous to produce better-quality adsorbents by some 

economic and facile approaches. 

Among advanced oxidation processes (AOPs) of pollutant 

removal, Fenton processes are attractive methods due to their 

simplicity, low toxicity, cost-effectiveness, and high performance [10-

11]. The oxidation efficiency of classical Fenton reactions can modify 

by the Photo Fenton reaction in the presence of light [12,13]. Among 

the rare earth elements, CeO2 possesses distinctive advantages like 
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high adsorption ability for H2O2, superior chemical stability, abundant 

oxygen vacancies, and very low metal ion leaching compared to other 

Fenton-like systems. 

Bare ceria exhibits either adsorption or photocatalytic 

degradation of dyes, and the composites of ceria have efficient Fenton-

like degradation activity. Wu et al. synthesized porous CeO2 nanotubes 

via a nanowire-directed templating method and studied its adsorption 

behavior for the typical azo dye CR [14]. Hu et al. presented ceria 

hollow spheres derived from the sol-gel reaction of cerium nitrate on 

polymeric templates showing efficient adsorption towards the acid dye 

acid black 210 [15].  

Xu et al. synthesized a superparamagnetic nanoscaled 

Fe3O4/CeO2 composite by the impregnation method for the Fenton-like 

degradation of 4-chlorophenol [16]. Ouyang et al. presented new 

composite material, Fe2O3@CeO2-ZrO2/Palygorskite heterogeneous 

catalyst with high degradation efficiency toward CR dye [5]. Wei et al. 

synthesized nanotubes and nanocubes via the hydrothermal method for 

the adsorption-degradation of methylene blue (MB) and CR in the 

nanoceria-H2O2 system under alkaline conditions [17]. Li et al. 

prepared a magnetic-ordered mesoporous Fe3O4/CeO2 composite that 

played a dual-function role as both adsorbent and Fenton-like catalyst 

with low metal leaching [18]. Gan et al. has synthesized a magnetic 

nanocomposite Fe3O4/CeO2 using three different preparation methods 

for the Fenton-like degradation of Orange G [1]. 
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Physical and chemical methods usually adopted for the 

synthesis of metal oxide nanoparticles require reactive reducing agents 

or precipitating agents, which impart destructive effects on the 

environment. Also, most of these methods involve tedious procedures 

and rigorous experimental conditions and have to eliminate the non-

eco-friendly byproducts to get the nanoparticles in the pure form [19]. 

Therefore several research works are focused on developing alternate 

green chemistry methods for the synthesis of nanoparticles. Several 

biological sources, such as plant-based extracts, algae, fungi, 

agricultural and food products, etc., have been used for synthesizing 

nanoparticles [20]. The extract components act as capping agents that 

prevent aggregation, leading to stable and homogeneous nanoparticles. 

The phyto-mediated sol-gel method is a relatively simple method for 

the large-scale production of nanoparticles and is also cost-effective 

[21]. 

Garlic has been used as an ingredient in food for more than a 

thousand years and contains carbohydrates and organo-sulfur 

compounds, i.e., allyl sulfide groups, alliin, ajoene, allyl cysteine, and 

allicin, as well as other compounds such as vitamins, phospholipids, 

flavonoids, amino acids, and fatty acids that impart its medicinal 

properties [22]. The various components in garlic extract can act as 

reducing and stabilizing agents in the synthesis of nanoparticles. 

Several research works have been reported for synthesizing metal and 

metal oxide nanoparticles using garlic extractfor their various 

applications. Phyto-synthesis of silver nanoparticles is reported with an 
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average particle size of 8 nm, showing remarkable antioxidant activity 

using garlic extract by Selvan et al. [23]. White et al. reported the 

synthesis of garlic extract mediated stable, monodisperse silver 

nanoparticles and indicated from spectroscopic studies that allicin and 

carbohydrates in the garlic extract are the primary nanoparticles 

stabilizing moieties [24]. Synthesis of copper nanoparticles of 100 nm 

particle size and gold nanoparticles of 15 nm, both having spherical 

shape have also been reported using aqueous Allium sativum extract 

[25-26]. ZnO nanoparticles prepared in the presence of garlic extract 

showed a narrowing in its bandgap and higher efficiency for the 

photodegradation of methylene blue dye compared to ZnO 

nanoparticles prepared in the absence of plant extract [27]. Garlic 

extract has also been used for the synthesis of stable nanoparticles of 

NiO and nanocomposites such as Ag@CeO2, magnetic and 

photocatalytic Fe3O4–Ag by some other research groups [22,28-31]. 

In this work, we report a novel and green approach for the sol-

gel synthesis of ceria by using Allium sativum (garlic) extract.The 

morphology and physicochemical properties of the synthesized ceria 

samples were characterized using different methods. The obtained 

ceria played a dual function role as adsorbent and heterogeneous photo 

Fenton catalyst for the removal of CR dye from an aqueous solution. 

4.2 Experimental 

4.2.1 Preparation of Garlic Extract 

20 g Allium sativum (garlic) was chopped into slices and taken 

in a beaker. 100 ml water was added to this and stirred at 80 °C or 30 
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min. The resulting solution was filtered to get a turbid garlic extract. 

The extracts were prepared just before the experiments on the 

preparation of ceria. Extracts having different plant extract 

concentrations were used by varying the initial amount of garlic to 10 

g, 20 g, 30 g, and 40 g in 100 ml water. 

4.2.2 Preparation of Ceria Using Garlic Extract 

To 50 ml of the freshly prepared garlic extract, 5 g cerium 

nitrate was added at room temperature. An off-white sol was formed 

with stirring, and it was again continuously stirred at 80 ℃ till it 

becomes a thick gel. The gel was dried at 95 ℃ for 16 h, and the 

resulting black-colored mass was calcined at 400 ℃ for 2 h to obtain 

CeO2 g-20 catalyst. It was ground to a powder and used for the 

adsorption and photo Fenton degradation of CR dye under different 

experimental conditions.  

Four different samples were synthesized using garlic extract 

having four different concentrations. The other samples prepared were 

labeled as CeO2 g-10, CeO2 g-30, and CeO2 g-40, wherethe numbers 

indicate the amount of garlic (in g) added to 100 ml water to prepare 

the extract. For activity comparison, a sample without the addition of 

garlic is also prepared, following the above procedure. A pictorial 

representation of the synthesis method is shown in figure 4.1. 
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Cerium 
nitrate

Heated at 
80 °C, 0.5 hr

Filtered

Calcined at 
400 °C, 2 h

CeO2 g-10
 

Fig. 4.1 Pictorial representation of the preparation of ceria by sol-gel 
method using Allium sativum (garlic) extract. 

4.2.3 Efficiency of Congo Red Dye Removal 

4.2.3.1 Adsorption Procedure 

50 mg of the synthesized ceria adsorbent was added to a 50 ml 

solution of CR dye of 20 mg/L concentration and stirred at room 

temperature in the dark. The reaction mixture was taken out after a 

definite time interval and centrifuged to remove the adsorbent 

particles. The decrease in the CR concentration was monitored by 

recording the absorbance at 490 nm using a colorimeter. The 

percentage of dye removal was calculated by measuring the 

absorbance before and afterthe adsorption experiments.  

The adsorption capacity of CR onto CeO2 at time ‘t’ was calculated by 

the following equation; 
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qt = (C0-Ct)V/m               eqn (4.1) 

where qt (mg/g) is the amount of CR adsorbed at time t, C0 and Ct 

(mg/L) are the concentrations of CR at the initial time, and at time t 

respectively, V is the volume of the solution in L and m (g) is the mass 

of the adsorbent. 

4.2.3.2 Photo Fenton Degradation of CR by CeO2 

In a typical procedure, 50 mg of CeO2 g-20 was added to a 50 

ml solution of CR dye at a concentration of 20 mg/L. 2 ml of H2O2 (30 

wt%) was added into the suspension, and the reaction mixture was 

stirred at room temperature in a photoreactor illuminated with 8x8W 

visible lamps. The reaction mixture was taken out after a fixed time 

interval and centrifuged to remove the catalyst particles. The CR 

concentration in the resultant solution was calculated as before. The 

percentagedegradation of dye was calculated using the equation; 

% Degradation = (A0-At) x100/A0                         eqn (4.2.) 

where A0 is the initial absorbance of CR solution and At represents the 

absorbance after the reaction. 

 For the investigation of the effect of time of Photo Fenton 

degradation on dye removal, the absorbance at a particular wavelength 

of 499 nm. Absorbance measurements were done using a PerkinElmer 

UV WinLab Lambda 850 spectrophotometer. 
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4.3 Results and Discussion 

In the present investigation, garlic extract is used for the 

preparation of CeO2 nanoparticles for the first time. A plausible 

mechanism for the formation of ceria using garlic extract is 

represented in figure 4.2.  

Allicin 
allyl sulphide
alliin
fatty acids
glycolipids 
phenolics 
amino acids 
flavonoids

H2O

H2O
H2O

H2O

H2O

H2O
Ce

OH

OHOH

OH

+
Reduction

80 ℃

400 ℃, 2 h

CeO2
 

Fig. 4.2 Formation of ceria using garlic extract. 

Various phytochemicals of garlic aqueous extracts (allicin, 

allylsulphide, alliin, fatty acids, glycolipids, phenolics, amino acids, 

and flavonoids) can act as capping and chelating agents that control the 

crystal growth of ceria nanoparticles.The carbohydrates present in the 

extract can assist the gelation of the sol. In the presence of the extract, 

nanoparticles with smaller crystallite sizes and reduced agglomeration 

can be produced. Ceria nanoparticles obtained after calcination at 400 

℃ is porous in structure due to the elimination of various 
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phytochemical components in the mixture through combustion. The 

material characterization studies revealed the properties and 

morphology of the prepared CeO2 nanoparticles. 

 X-ray diffraction patterns of ceria nanoparticles synthesized 

by the sol-gel method using garlic extract are shown in figure 4.3; it 

revealed the crystal structure and phase of the samples. The sharp 

peaks observed at 2θ values of 28.5°, 32.9°, 47.5°, 56.3°, 59.0°, 69.3°, 

76.7°, and 78.8° corresponds to the diffraction from the respective 

(111), (200), (220), (311), (222), (400), (331) and (420) crystal planes 

of cubic fluorite CeO2 (JCPDC: 89-8436) [32-33]. 
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Fig. 4.3 XRD patterns of ceria nanoparticles synthesized using garlic 
extract of different concentrations. 
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 As no additional peaks are observed in the XRD patterns, it is 

deduced that the ceria samples prepared using garlic extracts are 

having a pure cubic fluorite structure. The diffraction peaks of CeO2 g-

30 and CeO2 g-40 are broader compared to the other two ceria systems 

due to their smaller crystallite sizes. The average crystallite size was 

calculated from the full width at half maximum of the most intense 

diffraction peak at 28.5° using the Scherrer equation; the lattice 

parameter is given in table 4.1 [34].As expected, an increase in garlic 

weight in the preparation leads to a decrease in crystallite size. 
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Fig. 4.4. Williamson Hall plot of synthesized ceria systems. 

The lattice strain in the prepared nanocrystals was also calculated from 

W-H plot analysis as shown in figure 4.4, and the values are given in 
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table 4.2. The lattice strain in the crystals indicates oxygen vacancies 

and is slightly higher in samples CeO2 g-30 and CeO2 g-40 compared 

to others as expected from their lower crystallite size values. 

FTIR spectra of the synthesized samples are given in figure 4.5. 

The broad absorption bands at 3450 cm-1 and 1610 cm-1 are the 

stretching and bending vibrations of water molecules physisorbed on 

the surface of ceria particles [35]. The band around 500 cm-1 is due to 

the symmetric stretching vibration of the Ce-O bond and the peaks at 

718 cm-1 may be attributed to the Ce-O-Ce vibration, characteristic of 

CeO2. [36-37]. In all the spectra of CeO2 samples, even that prepared 

without the addition of extract, the peak observed at 1516 cm-1 

corresponds to the stretching vibrations of nitrate groups which may be 

present in trace amount as impurity [38]. The band at 1315 cm-

1indicates Ce-OH bending vibration [35]. The additional bands 

observed in CeO2 samples synthesized with garlic extract are due to 

the functional groups related to the incomplete decomposition of 

organic residuals. In the sample CeO2 g-40, with the maximum amount 

of the extract, those peaks are more pronounced as expected. 

The peak at 1118 cm-1 can be attributed to the S=O bond of the 

sulfur compounds, and the peak at 1749 cm-1 corresponds to the 

stretching vibrations of C=O group contaminants present in the CeO2 

systems [39]. These observations further confirm the stabilization of 

CeO2 by the active bio components of garlic extract that can act as 

capping agents, reducing the particle agglomeration. 
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Fig. 4.5 FTIR spectra of ceria nanoparticles. 

Thermogravimetric analysis of the gel obtained by heating the 

sol and further drying at 250 ℃ is represented in figure 4.6. In the TG 

curve, the weight loss up to 110 ℃ is due to the removal of loosely 

bound water molecules. After 110 ℃, the weight loss corresponds to 

the decomposition of the remaining components of garlic extract 

together with the conversion of ceria precursor species to ceria.  

The weight loss of around 250 ℃ is due to the decomposition 

of S-allylcysteine (SAC),which is one of the active sulfur compounds 

in garlic extract [40]. No weight loss is observed after 400 °C, which 

indicates the formation of stable CeO2. 
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Fig. 4.6 TG and DTG curves of the ceria gel dried at 250 ℃. 

The morphology and structure of the CeO2 g-20 were 

investigated by SEM (shown in figure 4.7) and TEM analysis. TEM 

images of the samples CeO2 g-10 and CeO2 g-20 are given in figure 

4.8. CeO2 g-20 showed the topography of foams with high porosity, as 

evident from the SEM images.  

The particles are arranged as flake-like, having a spherical 

shape with particle size in the range of 10 nm - 40 nm. The particle 

size is lower in CeO2 g-10 (5-15 nm) in comparison, but the particles 

are thickly agglomerated there, which can result in decreased 

photoactivity due to the limited exposure of active sites towards CR. 

The brighter spots with the ring-like pattern obtained in the selected 

area diffraction pattern confirmed that the material is polycrystalline in 

nature and nano-dimensional. 
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Fig. 4.7 SEM images of CeO2 g-20. 

CeO2 g-20 CeO2 g-20

CeO2 g-10 CeO2 g-10

 

Fig. 4.8 TEM images of (a) CeO2 g-10 and (b) CeO2 g-20; SAED 
patterns are shown inset. 
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Table 4.1 Physical characteristics of ceria nanoparticles. 

Catalyst Crystallite 

size 

(nm) 

Lattice 

parameter 

(nm) 

Lattice 

strain 

Bandgap 

Eg 

(eV) 

CeO2 g-10 28.2 0.5419 0.00081 3.09 

CeO2 g-20 15.8 0.5420 0.0011 3.08 

CeO2 g-30 5.4 0.5427 0.0048 3.01 

CeO2 g-40 4.7 0.5428 0.0036 3.00 

 

Table 4.2 Surface properties of ceria systems obtained from BET SA 
and pore volume measurements. 

Catalyst Sp. 

S.A. 

(m2/g) 

Pore 

volume 

(cm3/g) 

Pore 

diameter 

(nm) 

 

CeO2 g-10 

 

16.23 

 

0.019 

 

4.9 

CeO2 g-20 39.51 0.042 4.3 

CeO2 g-30 37.77 0.034 3.6 

CeO2 g-40 45.39 0.038 3.4 

Diffuse reflectance spectroscopy was used to study the optical 

properties and bandgap of the synthesized ceria samples. A broad 

absorption peak was observed in the UV region, extending to the 

visible range as seen from the spectra shown in figure 4.9. This 

absorption shows that all the synthesized ceria catalysts have a strong 

UV light absorption capacity [32]. This peak corresponds to the charge 
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transfer between the full 2p (O) orbital and the empty 4f (Ce) orbital. 

The bandgap is calculated from the Tauc plot and the plot of CeO2 g-

20 is shown in figure 4.10. The band gap values of the samples are 

given in table 4.1 and this bandgap confirms visible region absorption. 
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Fig. 4.9 UV- vis diffuse reflectance absorption spectra of ceria 
catalysts prepared using garlic extract. 

               It is reported that the bandgap of ceria usually increases with 

decreasing particle size due to the quantum confinement effect [41]. 

Particle size obtained from the TEM images of CeO2 g-10 and CeO2 g-

20 supports the above observation. Thus it is assumed that the major 

role of the garlic extract in improving the properties of CeO2 lies in its 

power to control the nanoparticle agglomeration. Also, the presence of 

a considerable amount of Ce3+ ions in the ceria lattice that aroused as a 

result of the reducing agents present in the garlic extract, can generate 
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oxygen vacancies and defects, which has a high influence on the 

bandgap. 
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Fig. 4.10 Tauc plot of CeO2 g-20 for calculating bandgap energy. 

 To determine the surface area, and pore size distribution, 

nitrogen adsorption-desorption isotherms at 77 K were recorded. The 

adsorption-desorption isotherms and the corresponding pore size 

distribution curves for different samples are shown in figures 4.11 and 

4.12 respectively. and the BET surface area and pore size values are 

given in table 4.2. The isotherms of all the samples can be categorized 

as type IV with an H4 hysteresis loop according to IUPAC 

classification, which indicates that the synthesized materials are 

mesoporous with narrow slit pores [42]. The pore size distributions 

were calculated by the BJH model from the desorption branch of 

isotherms thatshows an average pore size between 3 nm to 5 nm. 
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Fig. 4.11 N2 adsorption-desorption isotherms of ceria catalysts. 
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Fig. 4.12 Pore size distribution cures of ceria catalysts. 
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Raman spectroscopic analysis was carried out to study the 

surface defects and crystal structure of the samples. The spectraare 

shown in figure 4.13. A sharp Raman active triply degenerated mode 

F2g is observed in the case of CeO2 g-10 around 458 cm-1, which can 

be attributed to thesymmetrical stretching vibration of the Ce-8O 

vibrational unit [35].This band is a characteristic of the cubic fluorite 

structure of ceria as confirmed from the XRD patterns. This F2g band 

is sensitive to any type of disorder in the crystal lattice created due to 

the small grain size. The broadening of this peak with an increase in 

the amount of garlic extract in the preparation is an additional 

indication of the decreasing of ceria nanoparticles [36]. 
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Fig. 4.13 Raman spectra of different ceria catalysts. 

XPS analysis was performed to study the surface purity, 

binding states, and elemental composition of the synthesized samples. 
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The survey scan,  wide scan spectra corresponding to Ce3d and O1s of 

CeO2 g-20 are shown in figures 4.14, 4.15, and 4.16. 
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Fig. 4.14 Wide scan XPS spectra of CeO2 g-20. 

The presence of Ce and O elements are confirmed from the 

survey scan. The peaks observed in the Ce3d core level spectrum 

indicate that Ce exists in both Ce4+ and Ce3+ oxidation states in the 

sample. The peaks at BE values 882.7 eV, 898.8 eV and at 914.7 eV 

correspond to Ce4+ and peaks at 880.5 eV, 887.1 eV, 896.3 eV and at 

905.4 eV are characteristic of Ce3+oxidation states in ceria. In the O1s 

spectrum, the peak at 527.1 eV is due to the Ce-O bond, and that at 

529.7 eV corresponds to oxygen vacancies of ceria lattice. A small 

shoulder peak at 531.5 eV belongs to the chemisorbed oxygen in the 

surfacehydroxyl groups (HO-) [18, 4, 43- 44]. 
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Fig. 4.15 XPS high-resolution spectrum of cerium Ce3d of CeO2 g-20. 
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Fig. 4.16 XPS high-resolution spectrum of O1s of CeO2 g-20. 
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The ceria samples synthesized in this study have a dual 

capacity, both as adsorbents and photo Fenton catalysts. CR was used 

as a model organic pollutant to study the adsorption, and photo Fenton 

catalytic activity of the synthesized ceria samples. The effects of time 

on the adsorption of CR on different ceria samples were studied, and 

the results are represented graphically in figure 4.17. Even though the 

catalyst CeO2 g-40 shows the highest adsorption in 10 min itself, CeO2 

g-20 attained the same activity after stirring 60 min. Based on the 

system prepared using a low amount of garlic extract for efficient 

performance, CeO2 g-20 was selected for further adsorption studies. It 

is observed that the adsorption of CR is well correlated with the 

surface area of different CeO2 samples since it is a surface 

phenomenon. 
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Fig. 4.17 Percentage CR dye adsorption by different ceria samplesat 
different time intervals. 50 ml CR solution of 20 mg/L concentration 

with 0.05 g adsorbent was used. 
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  To obtain the best adsorbent dosage, adsorption 

experiments were carried out by varying the amount of ceria powder 

added to 50 ml CR solution of 20 mg/L concentration at a stirring time 

of 30 min (figure 4.18). The percentage of dye removal increased 

sharply with an increase in the adsorbent weight from 0.01 g to 0.04 g, 

and then the rate of dye removal is only slightly increased. When the 

adsorbent dosage reached 0.08 g, the removal percentage attained 

saturation and remained constant, which indicates that the best 

adsorbent dosage is 0.08 g. 
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Fig. 4.18 Effect of adsorbent dosage using 50 ml dye solution of 20 
mg/L concentration in 30 min stirring. 

The effect of dye solution volume was studied by varying the 

volume of CR of 20 mg/L concentration using 0.08 g adsorbent at a 

stirring time of 30 min. The percentage removal decreased from 100% 
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to 80% when the amount of CR solution was increased from 25 ml to 

125 ml as given in figure 4.19. 
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Fig. 4.19 Effect of solution volume using 0.08 g adsorbent in CR 
solution of 20 mg/L concentration for 30 min adsorption. 
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Fig. 4.20Effect of CR solution concentration using 0.08 g catalyst and 
50 ml solution for 30 min adsorption. 
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The effect of dye concentration was also studied by varying the 

concentration from 10 mg/L to 50 mg/L, using a 50 ml dye solution 

and 0.08 g CeO2 g-20 and the results are presented in figure 4.20. The 

percentage removal decreased only slightly (from 100% to 92.6%) on 

an increase in the concentration from 10 mg/L to 50 mg/L. 

Table 4.3 Maximum adsorption capacities of ceria adsorbents to 
different dyes. 

Adsorbent Dye qe(mg/g) Reference 

Ceria hollow sphere Acid orange 7 22 45 

Ceria multiple layers Acid orange 7 25 45 

Ceria nanoparticles Congo red 18 18 

Ceria nanoparticles Acid black 

210 

35.29 15 

Powdered activated 

carbons 

Acid black 

210 

 

12.95 

 

15 

Ceria hollow sphere Acid black 

210 

175 15 

CeO2 g-20 Congo red 46  This work 

The equilibrium adsorption capacity, qe, was calculated according to 

equation 4.1 and is given in table 4.3, and the values are compared 

with the values obtained from the literature review. 

PhotoFenton degradation was also carried out on CR dye 

solution using different CeO2 samples in visible light. Time of 
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degradation reaction of 50 ml, 20 mg/L CR solution using 0.07 g CeO2 

g-20 was varied, and the CR absorption band got reduced in its 

intensity at the absorption maxima with an increase in the time of 

adsorption (figure 4.21. and 4.22). 
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Fig. 4.21UV-vis spectra taken at different time intervals during photo-
Fenton degradation of 50 ml CR solution of concentration 20 mg/L 

using 0.07 g CeO2 g-20 catalyst and 1 ml 30% H2O2. 

In figure 4.22, the bands observed at 499 nm and 345 nm in the 

solution of CR have been assigned to the azo bonds of CR and the 

naphthalene ring structure of the dye molecule. Since both the 

absorption bands are decreased in intensity after 120 min of photo 

Fenton reaction, the result indicates the complete degradation of the 

dye molecules. 
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Fig. 4.22 UV-vis absorption spectrum of Congo red solution of 20 
mg/L concentration before and after 120 min degradation reaction. 50 
ml solution, 0.07 g CeO2g-20 catalyst, and 1 ml 30% H2O2were used. 
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Fig. 4.23 Results on CR dye degradation by different ceria catalysts at 
different time intervals. 50 ml CR solution of 20 mg/L concentration 

with 0.05 g catalyst was used. 
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The degradation reaction results over different CeO2 systems 

using a 50 ml CR solution of 20 mg/L concentration at various time 

intervals are shown in figure 4.23. 1 ml 30% H2O2 solution was added 

in the entire photo Fenton experiments. 100% degradation was 

obtained in 120 min reaction using 0.07 g CeO2 g-20 catalyst. Then 

here also,the CeO2 g-20 sample was selected for further studies. 
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Fig. 4.24 Effect of catalyst weight in the photodegradation of 50 ml 
dye solution of 20 mg/L concentration in 30 min reaction. 

Effect of catalyst weight was studied in 30 min reaction using 

50 ml of CR solution having 20 mg/L concentration, and the best 

catalyst weight leading to 100 % dye degradation was 0.07 g (figure 

4.24). Thereafter the activity remained unaffected with catalyst amount 

indicating active site saturation.  
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 The effect of solution volume was studied by varying the 

volume of dye solution from 25 ml to 125 ml, and the percentage 

degradation decreased from 100% to 70% (figure 4.25). 
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Fig. 4.25 Effect of solution volume on degradation using 0.07 g 
catalyst, 50 ml CR solution of 20 mg/L concentration for 30 min 

reaction. 

We also studied the degradation activity of the catalyst at 

different dye concentrations, varying from 10 mg/L to 50 mg/L, where 

the dye degradation efficiency decreased from 100% to 81% (figure 

4.26). The catalyst is thus effective even for the degradation of CR in 

highly concentrated solutions. The slight decrease in the activity with 

an increase in both the dye solution volume and concentration is due to 

the availability of the same number of active sites even with an 

increase in the number of dye molecules. 
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Fig. 4.26 Effect of CR solution concentration in the degradation 
reaction using 0.08 g catalyst and 50 ml solution for 30 min. 
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Fig. 4.27 Comparison of photo Fenton activity of catalysts synthesized 
using garlic extract with that of conventional catalyst for a reaction of 

10 min. 



Adsorption And Photo Fenton Degradation of Congo Red Dye 

Sree Neelakanta Govt. Sanskrit College, Pattambi                                           183 

 

A graphical representation of the photo Fenton activity of all 

the catalystsprepared using garlic extract and its comparison with the 

catalyst prepared without garlic extract via solution combustion 

method is given in figure 4.27. All the garlic-derived catalysts showed 

higher performance in photo Fenton degradation of CR. 

The CeO2 g-20 catalyst after 120 min Fenton reaction was 

collected, dried, and conducted the FTIR spectral analysis. The FTIR 

spectra of CeO2 g-20 before and after the photo Fenton reaction are 

given in figure 4.28.  
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Fig. 4.28 The FTIR spectra of CeO2 g-20 before and after photo 
Fenton reaction. 

No additional peaks are observed in the FTIR spectrum of 

CeO2 g-20 after photo Fenton reaction than that of pure CeO2 g-20, 

which points out that all the dye molecules present on the surface of 

the catalyst are completely degraded, and there are no adsorbed CR 

molecules remaining on the catalyst surface. Also, the result indicates 
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that the catalyst structure also remained unaffected after the 

photoreaction. 

4.4 Conclusions 

In summary, we have reported a green synthesis of ceria 

nanoparticles having a particle size in the range of 5 nm to 40 nm by 

the sol-gel method using various concentrations of aqueous garlic 

extract. The concentration of garlic extract played an important role in 

the surface area, crystallite size, and thus on the activity of the 

nanoparticles. All the synthesized samples could act both as adsorbents 

and as photo Fenton catalysts in the removal of Congo red dye. The 

high adsorption properties of the samples are mainly due to the 

mesoporous nature of the nanoparticles, which was confirmed from the 

N2 adsorption-desorption studies. Out of the four, CeO2 g-20 

synthesized using50 ml extract (prepared using 20 g garlic in 100 ml 

water and 5 g cerium nitrate) provided better results in the removal of 

Congo red dye in both studies. At the best reaction conditions, 96% 

Congo red (20 mg/L, 50 ml solution) was removed by adsorption using 

0.08 g CeO2 g-20 within 60 min, and 100% dye is removed by Photo 

Fenton degradation using 0.07 g CeO2 g-20 within 120 min reaction. 
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Chapter 5 

Fluorescence Sensing of Picric Acid by Ceria 

Nanostructures Derived from Fenugreek Extract 

 

 

 

 

 

 

 

 

 

 

Cerium oxide nanoparticles were synthesized by the sol-gel method 

using fenugreek extract and have been used for the selective 

fluorescence sensing of picric acid. 
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5.1 Introduction   

          The development of suitable analytical techniques for the 

selective and sensitive detection of polynitroaromatic compounds 

(PNACs) is an interesting field of research. 2,4,6-trinitrophenol (TNP 

is known as picric acid (PA)), 2,4,6-trinitrotoluene (TNT), 2,4-

dinitrophenol (2,4-DNP), etc. are the commonly used PNAC 

ingredients in explosives used in the military [1]. Among these, PA is a 

strong acid (pKa = 0.38), which is more explosive in the dehydrated 

state than TNT. PA is also widely used in different fields such as dye 

industries, pharmaceuticals, drug analysis, pesticides, rocket fuels, 

chemical fibers, fireworks, and chemical laboratories [2,3]. Since PA is 

highly soluble in water, it will even contaminate soil when it is 

released into the environment from various industries and military 

installations.  

          According to The National Institute for Occupational Safety and 

Health (NIOSH USA) the immediate dangerous to life and health 

(IDLH) and the Permissible Exposure Limit (PEL) are acute oral 

toxicity of 75 mg/m3 and in air 0.1 mg/m3 respectively [4]. With the 

consumption of 3 liters of water per day, the doses corresponding to 

the PEL and IDLH will be achieved at 1 nM and 1 μM picric acid 

concentrations in water. American Conference of Governmental 

Industrial Hygienists (ACGIH) reports that ingestion of 1 -2 g picric 

acid (approximately 14−28 mg/kg) can cause severe poisoning in 

humans resulting in headache, vertigo, nausea, vomiting, abdominal 
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cramps, diarrhea, yellow coloration of the skin, conjunctiva, myalgia, 

hematuria, albuminuria etc. At higher doses, PA destroys erythrocytes, 

gastroenteritis, hemorrhagic nephritis, acute hepatitis, stupor, 

convulsions, and even death. So the development of efficient 

technologies for sensing PA in the environment in micromolar and 

nanomolar concentrations is crucial.  

            Several analytical methods such as surface-enhanced Raman 

spectroscopy/IR, gas chromatography-mass spectroscopy (GC-MS), 

ion-mobility spectroscopy (IMS), X-ray diffraction (XRD), nuclear 

quadrupole resonance, neutron activation analysis, etc., are generally 

used for the detection of PA [5]. Most methods are limited in their 

application due to sensitivity issues to interfering analytes, low 

selectivity, complicated procedures, high cost, long duration of 

analysis, and expensive instruments. So it is of great significance to 

find easy and fast responding techniques to overcome these 

disadvantages. In this context, luminescent-based methods are of high 

potential due to their high sensitivity, specificity, simplicity, and real-

time feasibility [6]. 

            Triethylbenzene derived organic composites, 2,6-

divinylpyridine appended anthracene derivatives, Zn(II) - metal-

organic framework (MOF), Pentacenequinone nanoaggregates, 

Rhodamine derivatives, anthracene-functionalized fluorescent tris-

imidazolium salts, etc., have been used for the photoluminescent-based 

detection of PA [1, 6, 7-10]. Huang et al. fabricated reduced graphene 
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oxide modified with 1-pyrenebutyl–amino-β-cyclodextrin (PyCD) with 

good sensitivity to PA [11]. Li et al. synthesized carbon nanodots by 

hydrothermal method using grape skin as a starting material and used it 

for sensing PA by quenching of fluorescence [12]. Khan et al. 

synthesized nitrogen and sulphur co-doped water soluble carbon 

quantum dots (NS-CQDs) through hydrothermal treatment of L-Lysine 

and thiourea as a fluorescent probe for the selective and sensitive 

detection of PA in aqueous solution with a detection limit 0.24 µM 

[13]. Kaja et al. report a gold nanoparticle (AuNP)-based sensor for 

detection of PA in aqueous condition, based on metal-enhanced 

fluorescence (MEF) of poly(allylamine) hydrochloride (PAH) showing 

excellent selectivity for PA with a detection limit of 79 nM [14]. 

Sadhanala et al. used boron, and nitrogen co-doped carbon 

nanoparticles (BN-CNPs) synthesized via the hydrothermal method for 

the selective and sensitive detection of PA [15]. Negi et al. have 

synthesized α-Fe2O3 nanoparticles which have photocatalytic and PA 

sensing applications [16].  

           The coexistence of two oxidation states Ce3+ and Ce4+ on the 

surface and the ability to interchange between the redox conditions is 

the basis of sensing applications of ceria [17-19]. The presence of the 

Ce3+ state on the ceria surface forms charge deficiencies compensated 

by oxygen vacancies and leads to defects. The percentage of Ce3+ 

oxidation state in ceria is directly related to its fluorescence efficiency 

[20]. The oxygen vacancies can act as adsorption centers for some 

quenchers and can quench the intensity of fluorescence of ceria 
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nanoparticles by which sensing of quencher is possible. Fluorescence 

properties of cerium oxide nanoparticles have been used in the sensing 

of peroxide, dissolved oxygen, and tiny metal particles but not much 

explored in the sensing of PA. Negi et al. have reported nanostructured 

CeO2 synthesized using a solution combustion approach for both the 

photocatalytic and PA sensing applications [21]. A linear range of 0.33 

µM – 7.60 µM is observed in their study.  

            Green synthesis of metal and metal oxide nanoparticles using 

biological media has been developed to avoid the toxicological 

attributes of the conventional synthesis routes. Plant extracts, fungus, 

algae, yeasts, and bacteria can be used as biological media in 

nanoparticle synthesis [22]. The surface modification of the 

nanoparticles can be achieved by these methods which may strongly 

influence the physical, chemical, electrical, and optical properties of 

the nanoparticles [23]. It is also advantageous in cost-effectiveness, 

large-scale commercial production, and pharmaceutical applications. 

Plant extracts are the source of a large number of bioactive compounds 

used for the synthesis of nanoparticles. Different parts of plants, 

leaves, stem, bark, seeds, flowers, and root can be used for preparing 

extracts. The various secondary metabolites in the extract act as a weak 

base sources, capping agents, chelating, and effective oxidizing agents 

in the synthesis without requiring any other compounds to produce the 

nanoparticles [24].  
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            Several research groups have been reported the synthesis of 

CeO2 nanoparticles by using plant extracts including Oleaeuropaea, G. 

superb, Prosopisjuliflora, Aloe vera, Acalyphaindica, Daturametel, 

Origanummajorana L., Sidaacuta, Azadirachtaindica, Pisoniaalba, 

etc. [23, 25-33].  Elahi et al. have used bio media of Salvia 

macrosiphon Boiss seed extract and Thovhogi et al. used Hibiscus 

Sabdariffa flower extract for the green synthesis of CeO2 nanoparticles 

[22,34].  

            Fenugreek (Trigonellafoenum-graecum) is an important spice 

and aromatic crop that belongs to the family Leguminosae and usually 

found in Pakistan, India, Egypt, and Middle Eastern countries [35]. Its 

dried seeds have wide applications as a galactagogue (milk producing 

agent) in food, flavoring agent, beverages, and medicine. 

Phytochemical studies revealed that fenugreek seeds contain lysine and 

L-tryptophan-rich proteins, mucilaginous fiber, and other rare chemical 

constituents such as saponins, coumarin, fenugreekine, nicotinic acid, 

sapogenins, phytic acid, scopoletin, and trigonelline [36].  

            In this work, we report a green method of ceria preparation 

using the extract of fenugreek for the first time. Material 

characterization studies revealed the presence of Ce3+ sites in the 

oxide. Qualitative and quantitative sensing of PA at the micro-level 

was studied by quenching of fluorescence of ceria nanoparticles by the 

addition of PA having different concentrations. 
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5.2 Experimental 

5.2.1 Catalyst Preparation Using Trigonellafoenum-graecum 
(Fenugreek) Seed extract. 

            Dried fenugreek seeds were ground to a fine powder. 5 gm of 

this powder was extracted into 100 ml distilled water by heating at 80 

℃ for 30 min. The mixture was filtered and centrifuged to get the 

fenugreek extract. In a typical synthesis of CeO2, 5 g cerium nitrate 

was dissolved in 50 ml water, and 10 ml of the extract was added to 

this solution with stirring at room temperature. The yellow-colored 

suspension was heated at 70 ℃, and stirred continuously until it 

becomes a gel, which was dried overnight at 90 ℃.  

Heated at 70 ° C 
until it become a gel. Heated 16 

hr in an 
oven at 
100 °C.

Calcined at 500 °C 
for 5 hr.

Ce(NO3)3 6H2O water

Fenugreek extract

 

Fig. 5.1 Synthesis of ceria nanoparticles by sol-gel method using 
fenugreek extract. 

The yellow-colored mass obtained was calcined at 500 ℃ for 3 h to 

get ceria nanoparticles. The sample was designated as CeO2 FG-10. 

Three different ceria catalysts were also synthesized by varying the 
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amount of fenugreek extract as 0 ml, 5 ml, and 30 ml to prepare the 

samples, CeO2 FG-0, CeO2 FG-5, and CeO2 FG-30 respectively. A 

pictorial representation of the synthesis procedure is shown in figure 

5.1. 

5.2.2 Detection of Picric Acid using Fluorescence Spectroscopy 

            Fluorescence properties of the synthesized samples were 

studied by measuring the fluorescence spectra using PERKIN-ELMER 

FL 6500 spectrometer with 150 W Xe lamp as the excitation source. 

For the detection of picric acid, ceria nanoparticles of concentration 3 

mg/50 ml water were used. To 3 ml of this dispersion, PA at different 

concentrations were added, and the fluorescence spectrum was 

recorded at an excitation wavelength of 315 nm. Fluorescence 

quenching was also studied in tap water, well water, and river water 

(from Bharathapuzha, Velliyamkallu, Pattambi)  to evaluate the 

applicability of the method in sensing picric acid in real water samples. 

5.2.3 Selectivity Evaluation 

          Selectivity of the system towards picric acid is analyzed by 

studying the fluorescence quenching in the presence of nitro 

compounds and phenolic compounds. In a typical procedure, to 3 ml of 

ceria dispersion (3 mg/50 ml), whose fluorescence intensity is 

quenched by adding 2 mM picric acid, other compounds of the same 

concentration were added to measure the effect of fluorescence 

quenching. 
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5.3 Results and Discussion 

            In the sol-gel process, the metal ions have to distribute 

uniformly throughout the sol and have to maintain in the 

transformation to gel also. Here, an eco-friendly method is used for 

CeO2 formation in the presence of fenugreek extract. The 

phytochemicals present in the fenugreek seed extract including 

capping and a stabilizing agent such as antioxidants, saponins, 

flavonoids, polyphenols, carbohydrates, mucilages (mostly 

galactomannans), and proteins operate as size controlling agents, and 

averts nucleation and coalescence of nanoparticles; as a result, 

regulates the aggregation or agglomeration of nanoparticles. Phenolic 

compounds present in the extract can facilitate the complexation of 

cerium cations (Ce+3) to create an initial molecular matrix by coating 

and stabilizing the cerium species, resulting in the formation of CeO2-

NPs. 

            The X-ray diffraction patterns of the ceria samples synthesized 

using fenugreek extract are given in figure 5.2. The diffraction peaks at 

28.4°, 32.9°, 47.3°, 56.2°, 69.2°, and 76.6° are the diffraction from the 

planes (111), (200), (220), (311), (400) and (311) respectively of face-

centered cubic fluorite (fcc) structure (JCPDS 65-5923) of ceria lattice 

with space group Fm3m [37,38]. The relatively broad diffraction peaks 

indicate that the synthesized samples wih fenugreek extract have small 

crystallites. The lattice parameter of the cubic fluorite CeO2 obtained 

from the (111) plane of the ceria (given in table 1) is slightly higher 

than the reported value of its bulk counterpart (a = 0.54113 nm) in the 
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standard data JCPDS 34-0394 [39,40]. This slight increase in the 

lattice parameter in nanocrystals is attributed to the increased amount 

of oxygen vacancies [40]. The lattice parameters increase slightly with 

the amount of extract used in preparation. The presence of oxygen 

vacancies also contributes to lattice strain in crystals, which can be 

obtained from the Williamson Hall plot (figure 5.3) and the calculated 

lattice strain is presented in table 5.1. 
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Fig. 5.2 XRD patterns of ceria samples synthesized using different 
concentrations of fenugreek extract. 

FTIR spectra of the synthesized CeO2 NPs are analyzed to confirm the 

role of saponins, proteins, carboxylic acids, and other phytochemicals 

in the capping and stabilization of NPs (figure 5.4). 
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Table 5.1 Physical characteristics of ceria nanoparticles 

Sample Crystallit
e Size 
(nm) 

Lattice 
parameter 

(nm) 

Lattice 
strain 

Bandgap 
energy 
(eV) 

CeO2 FG 0 9.96 0.5421 0.0033 3.08 

CeO2 FG 5 9.94 0.5423 0.0030 3.03 

CeO2 FG 10 8.89 0.5424 0.0045 3.01 

  CeO2 FG 30 9.67 0.5426 0.0038 3.02  
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Fig. 5.3 Williamson Hall plot of ceria systems prepared with and 
without using fenugreek extract. 
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            The FTIR spectra of the CeO2-NPs shows absorption peaks at 

3403 cm−1, 1636 cm−1, 1531 cm−1, 1306 cm−1, 1047 cm−1, 680 cm−1 

and 450 cm−1. The broad absorption bands at 3403 cm−1 are due to the 

stretching vibration of water molecules physically adsorbed on the 

surface of ceria particles and also from surface hydroxyl or N-H 

groups on CeO2.  
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Fig. 5.4 FTIR spectra of ceria nanoparticles. 

The band at 1624 cm−1 is due to the bending O-H vibrations of 

adsorbed water. Bands observed at 1531 cm−1, and 1047 cm−1 in the 

samples synthesized using fenugreek extract (amide II band and C–

O/C-N stretching respectively) indicate the involvement of proteins, 

phytochemicals, etc., in the formation of ceria nanoparticles as capping 
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and stabilizing agents. The peaks observed at 450 and 680 cm−1 are 

attributed to the symmetric stretching of Ce-O and Ce-O-Ce vibrations 

respectively. Ce-OH bending is observed at 1306 cm−1 [50]. The FTIR 

analysis of biosynthesized CeO2-NPs thus shows the prominent role of 

the above-mentioned phytochemicals/plant components in the 

formation and stabilization of CeO2-NPs and suggested the capping of 

these phytochemicals on the surface of the CeO2-NPs. 

 

 

Fig. 5.5 SEM images of sample CeO2 FG-10. 

The morphology of the catalyst, CeO2 FG-10, was obtained from SEM 

images (figure 5.5.). Agglomerated nanocrystals in flake-like nature 

are observed in the SEM. Additional information about the 

nanostructure of CeO2 FG-10 was obtained from TEM images given in 

figure 5.6 and is compared with that of the CeO2 FG-0 sample prepared 

without the addition of fenugreek extract. The nanostructures show a 

random morphology of spheres and rods. 
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CeO2 FG-0CeO2 FG-10

CeO2 FG-10 CeO2 FG-0

 

Fig. 5.6 TEM images of sample CeO2 FG-10 and CeO2FG-0 samples. 
SAED patterns are shown inset. 

It is clear from the images that the particles are more 

agglomerated in CeO2 FG-0 compared to CeO2 FG-10. Selected area 

diffraction patterns are also shown in the figures, and the bright 

circular rings in the SAED pattern indicate the polycrystalline nature 

of the nanoparticles. The particles were bigger in the CeO2 sample 

prepared in the absence of extract. Particle size lies in the range of 5-

20 nm in CeO2 FG-10 and 10-30 nm in CeO2 FG-0. The result reveals 

the effect of fenugreek on the preparation of smaller nanoparticles of 

CeO2 with uniform size distribution. 
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Fig. 5.7 Raman spectra of samples CeO2 FG-0 and CeO2 FG-10. 

The defects and oxygen vacancies in the synthesized ceria 

crystals were characterized by Raman spectral analysis (figure 5.7.). 

The intense peak at 462 cm-1 is the Raman active vibrational mode of 

(F2g), characteristic of the pure cubic phase of ceria [42]. This F2g 

mode is ascribed to the symmetrical stretching mode of oxygen atoms 

around cerium ions in the FCC ceria [39]. The higher intensity, and a 

slight shift towards a higher wavenumber of this band can be attributed 

to the high crystallinity of the nanoparticles. The less intense band at 

around 590 cm-1observed in the sample prepared with fenugreek 

extract is due to the presence of oxygen vacancies generated by the 

charge compensation due to the presence of Ce3+ state [43,44]. 
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DR UV-vis absorption spectra of the samples are presented in 

figure 5.8. According to literature, the two absorption bands observed 

in this spectra at 282 nm and 344 nm are attributed to the charge 

transfer transitions Ce3+→ O2- and Ce4+→ O2- respectively [45]. The 

presence of a band at 282 nm is an additional indication of the 

presence of Ce3+ ions in the prepared systems.  
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Fig. 5.8 DR/UV-vis absorption spectra of the prepared ceria samples. 

The bandgap energy was calculated by using the Tauc plot 

[46]. The Tauc plot of all the samples is presented in figure 5.9 and the 

bandgaps calculated are given in table 5.1. We observe a decrease in 

the bandgap with the amount of fenugreek extract used in the 

preparation, which may be due to the increase in the Ce3+ 

concentration, and the corresponding formation of a higher number of 

defects in the crystals [47]. A defect-related band is thus observed 
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within the bandgap of the material that resulted in a decrease of 

bandgap as evident from the bandgap values obtained from the Tauc 

plot.
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Fig. 5.9 Tauc plot of ceria samples. 

            Nitrogen adsorption-desorption isotherms were recorded at 77 

K to determine the surface area and pore size distribution. The 

adsorption-desorption isotherms and the corresponding pore 

distribution cures for different samples are shown in figures 5.10 and 

5.11 respectively and the BET surface area and pore size parameters 

are given in table 5.2. The isotherms of all the samples are type IV 

with H3 hysteresis loop according to IUPAC classification, which 

indicates that the synthesized materials are mesoporous in nature and 
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aggregates of plate-like particles forming slit-like pores [48]. The pore 

size distributions were calculated by the BJH model from the 

desorption branch of isotherms and show an average pore size between 

10 nm to 20 nm. All the ceria samples synthesized with the extract 

showed a slight increase in the surface area compared to the one 

prepared without using the extract. Maximum surface area and pore 

volume are shown by the sample CeO2 FG-10, which indicates more 

availability and exposure of active sites of that sample. 
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Fig. 5.10 N2 adsorption-desorption isotherms of ceria systems. 
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Fig. 5.11 Pore size distribution cures of ceria systems. 

 

Table 5.2 The surface area and pore structure parameters of the 
samples 

Sample BET SA 

(m2 g-1) 

Pore size 

(nm) 

Porevolume 

(cm3 g-1) 

LOD 

(µM) 

CeO2 FG-0 60.55 16.7 0.2761 2.66 

CeO2 FG-5 68.33 17.8 0. 2626 0.33 

CeO2 FG-10 69.96 17.8 0. 3193 0.33 

CeO2 FG-30 66.96 21.1 0.2105 0.66 
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The valence states of cerium were further investigated by XPS 

analysis and are reported in figure 5.12. The Ce3d level spectrum 

(figure 5.13) was analyzed in detail to study the oxidation state of Ce 

in the sample. The peaks show two spin-orbit components (Ce 3d3/2 

and Ce 3d5/2) and each of these components shows further 

subcomponents due to the final state effect [49]. Ce 3d peaks are 

observed in the range of 880 eV to 920 eV. The peaks observed at 

880.2 eV, 883.1 eV, 887.5 eV, 896.0 eV, and 898.4 eV belongs to the 

Ce 3d5/2 multiplets and the other peaks centered at 901.3eV, 904.3eV, 

907.9 eV, 914.5eV and 921.2 eV correspond to the multiplet of Ce 

3d3/2 [26,50]. The presence of peaks at 880.2, 901.3, 904.3 eV, and 883 

eV in the Ce 3d spectrum indicates the existence of cerium ions as 

Ce3+ in the crystal lattice, and this support the information obtained 

from UV-DRS analysis [51].  

0 200 400 600 800 1000 1200

0

10000

20000

30000

40000

50000

60000

C
e3

d

O
1s

In
te

n
si

ty
 (

a.
u

.)

Binding energy (eV)  

Fig. 5.12 XPS wide scan spectra of sample CeO2 FG-10. 
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Fig. 5.13 Ce3d core level spectra of sample CeO2 FG-10. 
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Fig. 5.14 O1s spectra of CeO2 FG-10 sample. 
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 The peaks corresponding to Ce4+ are of comparatively higher 

intensity, indicating the higher Ce4+/Ce3+ ratio in the sample [49, 52]. 

In the O 1s core-level XPS spectrum (figure 5.14), the peak at 530 eV 

is originated from the lattice oxygen atoms, and the peak at 526 eV is 

due to chemisorbed oxygen atoms of hydroxyl groups on the surface of 

CeO2 [43]. 

             The photoluminescence properties of ceria nanostructures were 

studied for the sensing of picric acid using fluorescence spectroscopy. 

The sensing of 4 µM PA with CeO2 FG-10 nanoparticle dispersion is 

shown in the figure. 5.15. 
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Fig. 5.15 Quenching of fluorescence intensity of CeO2 FG-10 on the 
addition of 4µM PA. 

            The fluorescence band of ceria observed in the UV region is 

related to the bandgap associated with ceria nanoparticles. In this 
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spectrum, the emission band of ceria centered at around 351 nm 

corresponds to the bandgap of ceria. It originated from the 

recombination of electrons from the localized Ce-4f state to holes in 

the O-2p valence band. The bandgap of ceria is also related to the size 

of nanoparticles, which in turn to the concentration of Ce3+ on the 

surface [47]. Upon addition of PA, quenching of fluorescence occurred 

and the PL emission got reduced in its intensity. 

            The fluorescence intensity of all the ceria samples synthesized 

in the presence of fenugreek has higher intensity compared to the 

system synthesized by the conventional method in the absence of the 

extract (figure 5.16). Also from the fluorescence intensity comparison, 

it is observed that the intensity of CeO2 FG-10 was found to be highest 

among all the CeO2 samples.  
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Fig. 5.16 Comparison of fluorescence emission intensity of all the 
prepared samples. 
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 The violet emission band observed at 430 nm (spectra are 

given in figure 5.17.) is related to the oxygen defect states (F-centers) 

that exist between the Ce 4f band and O 2p band; and also corresponds 

to Ce3+ sites in the ceria nanostructures [38]. The intensity of this band 

is directly linked to the concentration of Ce3+ ions in the structure. The 

emission intensity of this band also is highest for the CeO2 FG-10 

sample, which indicates more number of defects and Ce3+ 

concentration in that sample, and this particular ceria system is thus 

used for the further sensing of picric acid.  

400 420 440 460
0

5000

10000

15000

20000

 CeO2 FG-5

  CeO2FG-0

 CeO2 FG-10

 CeO2 FG-30

In
te

n
s

it
y 

Wavelength (nm)  

Fig. 5.17 The violet emission band of the prepared ceria systems under 
excitation of 330 nm. 
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Fig. 5.18 Fluorescence emission spectra of CeO2 FG-10 with different 
concentrations of picric acid from 0 to 41.6 µM. 

Fluorescence sensing of picric acid was also carried out by 

adding different concentrations of picric acid to the aqueous dispersion 

of the CeO2 FG-10, and the change in intensity of fluorescence was 

recorded at the excitation wavelength of 315 nm wavelength. It is 

observed that on increasing the concentration of picric acid, the 

fluorescence intensity at 351 nm got decreased with PA concentration, 

indicating PL quenching as represented in figure 5.18. The relationship 

between quenching in PL intensity and the quencher concentration is 

represented in figure 5.19 and the linear part of it (figure 5.20) can be 

described by Stern –Volmer equation (equation 5.1), 
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I0/I = 1 + KSV[Q]    eqn (5.1.) 

where I0 and I are the fluorescence intensities without and with the 

addition of quencher, PA, [Q] is the concentration of PA and KSVis the 

Stern – Volmer quenching constant which indicates the sensitivity of 

the nanoparticles to sense the quencher [2]. 
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Fig. 5.19 Variation of relative fluorescence intensity with picric acid 
concentration. 

The value of KSV, obtained from the slope of the linear fit 

(figure 5.19) up to 41.6 µM concentration of PA, was found to be 

5.754 x 105 M-1 and the linear regression coefficient (R2) is observed to 

be 0.9890. The high value of KSV in this study indicates a strong 

interaction between PA and ceria nanostructure. 
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Fig. 5.20 Linear plot of (I0/I)-1 versus picric acid concentration in the 
range 0.33 – 41.6 µM. 

The LOD values of all the other CeO2 samples in PA 

sensingwere also determined and the results are given in table 5.2. All 

the ceria nanosystems synthesized using fenugreek extract showed 

better LOD values compared to CeO2 prepared without the addition of 

extract, which is due to the combined effect of the smaller particle size, 

less agglomeration of particles and higher surface area of fenugreek 

assisted CeO2 samples. Since the level of picric acid exceeding 1 μM 

will badly affect the health, LOD should be less than this value. LOD 

of bare ceria is 8 times higher (2.66 μM) than that of the best sample, 

CeO2 FG-10 (0.33 μM), which confirms the necessity of fenugreek in 

present CeO2 preparation for its use in the effective sensing of PA. 

  A linear curve in the S-V plot indicates the participation of a 

single mechanism, whereas a non-linear portion in the curve of the S–
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V plot indicates a mixture of mechanisms governing the quenching 

[53]. In the present study, the quenching mechanism at a lower 

concentration of picric acid is static, which can be due to the formation 

of the ground-state complex (GSC) that is confirmed by a shift in the 

absorption maxima of the ceria nanoparticles after the addition of the 

picric acid along with the shift in the bandgap of ceria (figure 5.21 and 

5.22). 
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Fig. 5.21 UV/Vis spectra of ceria nanoparticle dispersion on 
continuous addition of picric acid. 

In dynamic quenching, the quenchers are reducing the 

fluorescence intensity without being part of the sensing material and 

corresponds to no change in absorbance and bandgap. 
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Fig. 5.22 Change in the bandgap of ceria nanoparticle on continuous 
addition of picric acid 

Thus a non-fluorescent charge transfer complex exhibiting a 

distinct absorption spectrum (absorption band at around 410 nm) could 

be formed due to the interaction between PA and ceria particles in the 

ground state before its excitation and can undergo non-radiative decay. 

With an increase in the concentration of PA beyond 41.6 µM, the plot 

becomes less linear, which can be due to the occurrence of both static 

and dynamic quenching simultaneously [25]. A schematic 

representation of the fluorescence quenching mechanism is presented 

in figure 5.23. 
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Fig. 5.23 Schematic representation of fluorescence quenching 
mechanism in PA sensing. 

            Fluorescence sensing of picric acid was also carried out in 

aqueous solution from various sources such as tap water, well water as 

well as river water (Bharathapuzha, Velliyamkallu, Pattambi) to 

evaluate the efficiency of the present method in the presence of 

different interfering matrices. The synthesized CeO2 nanoparticles are 

effective in all the above water sources with slightly higher LOD 

values compared to that obtained in deionized water, indicating the 

suitability of present CeO2 in sensing PA in natural water sources. The 

linear plots for tap water, well water and river water are given in 

figures 5.24, 5.25 and 5.26 respectively.  
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Fig. 5.24 Linear plot between fluorescence intensity variation and 
concentration of PA studied in tap water solution.  
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Fig. 5.25 Linear plot between fluorescence intensity variation and 
concentration of PA studied in well water. 
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Fig. 5.26 Linear plot between fluorescence intensity variation and 
concentration of PA studied in river water. 
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Fig. 5.27 Selectivity study of CeO2 FG-10 nanoparticle dispersion to 
the presence of phenolic compounds. 
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The experimental limit of detection was 0.66 µM in tap water and well 

water and is 1.33 µM in river water, slightly higher than that obtained 

from deionized water (0.33 µM). 

We spiked with a known concentration of PA (4 µM) to each of 

the water samples and tested for the recovery using the respective 

linear plots obtained. The detection lies in the range of 97-115%, as 

shown in table 5.3. The results further indicate the suitability of the 

present method in analyzing PA in real situations. 

Table 5.3. Detection of PA in 4 µM spiked water samples 

Sample Added 
(µM) 

Found 
(µM) 

Recovery 
(%) 

DI water 4 4.00 100 

Tap water  4 4.16 104 

Well water 4 3.88 97 

River water 4 4.61 115 

 

Selectivity is an important criterion of an effective sensor, and 

thus the selectivity of the CeO2 FG-10 in PA sensing was investigated 

by observing the change in fluorescence intensity of the ceria 

nanoparticles in presence of other phenolic compounds. The results are 

presented in figure 5.27. The addition of phenolic compounds, such as 

phenol and 4-chlorophenol, didn't change the PL intensity of PA 

quenched CeO2 dispersion. By examining the selectivity with other 

nitroaromatic compounds, an obvious change in fluorescence spectrum 
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is observed, which indicates that the CeO2 FG-10 nanoparticles are not 

suitable for sensing other nitroaromatic molecules or in the sensing of 

PA in the presence of other nitro compounds. 

Because of the presence of three electron withdrawing –NO2 

groups in picric acid, the high positively charged H atoms of O-H bond 

can forms strong hydrogen bonds with oxygen atoms of ceria resulting 

in the formation of a ground state complex responsible for the 

fluorescence quenching of ceria nanoparticles. Other phenolic 

compounds such as phenol and 4 chlorophenol cannot form this type of 

interaction and so the PA sensing is selective in presence of these 

compounds. Wheras when we do sensing in presence of other 

nitrocompounds such as 4-nitrophenol it will also interact with oxygen 

atoms of ceria and reduce the sensitivity towards the detection of PA. 

The sensing parameters such as linear range and limit of 

detection of the CeO2 FG-10 have been compared with that obtained 

from the fluorescence quenching of other systems in literature and are 

presented in table 5.4. CeO2 FG-10 is showing a good linear range, 

LOD, and an appreciably high Stern-Volmer constant in PA sensing. 

Table 5.4 Comparison of various sensing parameters by different 
systems using PL quenching. 

Material Linear range 

(µM) 

LOD 

(µM) 

KSV 

M-1 

Reference 

     

α – Fe2O3 

nanoparticles 

1.66 – 5 3.33  3.094×105  [13] 
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Carbon nanodots 0.06 – 79.4  0.01   [11] 

CeO2 NPs 0.33 - 7.60  0.52 2.33×105  [18] 

Fe-doped 

ZnOnanoellipsoids 

5 – 60  2.9  0.126×105  [2] 

Fluorescent nano 

aggregates of 

Pentacenequinone 

derivative 

 

0 – 150 

 

1  4.3×103 [8] 

Nitrogen and 

Sulphur co-doped 

carbon quantum 

dots (NS-CQDs) 

1 – 10 µM 0.24 

µM 

 13 

Poly(allylamine) 

hydrochloride 

(PAH) incubated 

with Au@SiO2 

nanoparticles 

0.01 – 0.70 

µM 

79 

nM 

1.2 x 106 M-

1 

14 

CeO2 FG-10 0.33 – 41.62 0.33  5.754 x 105 This 

work 

5.4 Conclusions 

In this report, sol-gel ceria nanostructures were synthesized 

using fenugreek extract. The formation of cubic fluorite structured 

ceria was identified from XRD analysis and Raman spectra. The 
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surface morphology of the CeO2 was identified from SEM analysis. 

TEM images displayed less particle agglomeration in ceria 

nanoparticles prepared in the presence of fenugreek extract. The 

presence of Ce3+ ions in the ceria lattice was confirmed from the XPS, 

Raman spectroscopy and UV-vis DRS spectral analyses. The 

fluorescence properties of the samples were studied to apply the 

nanoparticles as a sensor for aquatic pollutant picric acid. The 

nanoparticle dispersion showed a quenching in fluorescence intensity 

on the increasing addition of picric acid. The best among the prepared 

CeO2 sensor showed a linear concentration range of 0.33 – 41.6 µM 

with a LOD of 0.33 µM picric acid. The high Stern-Volmer constant in 

this study indicated a strong interaction between ceria nanoparticles 

and picric acid. The nanoparticles used in this study are also proved to 

be selective towards the sensing of PA in the presence of other 

phenolic compounds. The best ceria sample of the present study is 

highly effective in the sensing of nature water samples such as well 

water, and river water and is also found to be effective in the sensing 

of PA in tap water. 
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6.1 Introduction  

          The increased use of automobiles universally from the last 

century onwards has become a serious concern to the research groups 

due to the continuous release of carbon monoxide (CO) and unburnt 

hydrocarbons (HC). Combustion of fossil fuels in power plants and 

other incineration processes are also responsible for the emission of 

CO and HC into the environment [1]. Abundant CO and HC are 

generated from automobiles having cold start technology due to the 

incomplete combustion of fuels [2]. HC and CO are two major air 

pollutants that can impose hazards to human health and the 

environment [3]. Propane is an HC emitted by diesel and gasoline 

engines that can be effectively converted to carbon dioxide and water 

by catalytic oxidation [4]. Noble metal catalysts involving Pt, Rh, Au, 

Ir, Ru, Pd, etc., showing good catalytic performance and stability, are 

often used in the removal of CO and HC [5]. But due to their high cost 

and low availability, alternative, cost-effective catalysts having similar 

catalytic activity need to be developed. 

Ceria is an important rare earth oxide, which is the readily 

available and stable catalyst that has been investigated in many studies 

as a substitute for noble metal-based catalyst materials. The oxygen 

storage/release capacity (OSC) of ceria is responsible for its various 

catalytic properties, including catalytic oxidation of gaseous pollutants 

like CO and HC, and different biological applications. Doping with 

other metals can improve the OSC, and thermal stability of ceria to 

enhance the catalytic ability [6]. Much research is focused on doping 
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with several transition metal ions like Mn, Fe, Cu, Ni, Co, etc., because 

of their low cost, good stability, and higher activity [7]. Among these, 

cobalt-doped ceria catalysts have proven to be good candidates for the 

low-temperature oxidation of CO. It is reported that cobalt/ceria 

catalysts have also achieved good results in HC combustion [8]. Thus 

it is viable to synthesize cobalt ceria mixed catalysts for the 

simultaneous oxidation of CO and HC. Zhang et al. synthesized cobalt-

cerium spinel oxide catalysts by a citric acid complex method showing 

superior propane oxidation activity at low temperatures [9]. Song et al. 

prepared porous ceria nanorods modified with Fe and Co in which Co-

doped ceria showed the highest activity in propane oxidation [4]. 

Several research groups such as Tian et al., Luo et al., Jampaiah et al., 

Guo et al., etc., have reported cobalt doped ceria nanostructures for the 

low-temperature oxidation of CO [6,8,10,11]. Cobalt based ceria 

catalysts with different morphologies have been used for the last few 

years for other applications such as preferential oxidation (PROX) of 

CO, soot combustion, water-gas shift reaction, methane reforming, NO 

oxidation, etc. 

Ceria can act both as an oxidizing and reducing catalyst 

depending on the reaction conditions. It is reported that in an acidic 

environment, ceria nanoparticles have an intrinsic oxidase-like activity 

that can make use for the biochemical sensing of hydrogen peroxide 

[12]. H2O2 is a reactive oxygen species (ROS) formed as a byproduct 

of metabolic reactions in human beings. Excessive production of H2O2 

in our body leads to several diseases like diabetes, cancer, 
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cardiovascular problems, etc. [13]. Thus it is significant to have facile 

and rapid methods for the detection of H2O2. Several analytical 

methods such as HPLC detection, optical sensing, electrochemical 

analysis, colorimetric method, chemiluminescence, fluorescence, etc., 

are used for the sensing of H2O2 [14]. Recently ceria-based 

nanomaterials have been developed for the colorimetric estimation of 

H2O2 via a color reaction of a substrate based on their peroxidase-like 

enzymatic activity. Several researchers including Guo et al., Ornatska 

et al., Ozdemir Olgun et al., Jiao et al., etc., have reported ceria 

nanoparticle-based colorimetric sensing of H2O2 [15,16,17,18,]. Zhang 

et al. used Ce(OH)CO3 powder for this purpose by adding H2O2 and a 

peroxidase substrate 3,3′,5,5′tetramethylbenzidine (TMB) [14]. Wang 

synthesized 3-dimensional C/CeO2 hollow nanostructure frameworks 

that catalyze the oxidation of TMB in the presence of H2O2 to produce 

a blue product [19]. Liu et al. has prepared an Au/Co3O4-CeOx 

nanocomposite possessing excellent peroxidase-like activity as an 

ultrasensitive colorimetric sensor for H2O2 [13]  

In this work, we have synthesized nanosized ceria particles 

modified with cobalt having two versatile applications. Ceria powder 

was prepared by the precipitation method using ammonia as the 

precipitating agent, which is a simple and widely used method. The 

synthesized ceria was doped with different percentages of cobalt by the 

wet impregnation method. The synthesized catalysts were used for the 

simultaneous catalytic oxidation of CO and propane, the remarkable  
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hydrocarbon pollutant, and also for the peroxidase-like enzymatic 

activity for the colorimetric detection of H2O2.  

6.2 Experimental 

6.2.1 Catalyst Preparation 

1:1 ammonia was added dropwise to an aqueous solution of 

cerium nitrate of 0.05 M concentration at room temperature while 

stirring. The purple-colored suspension containing Ce(OH)3 was 

continuously stirred until it becomes yellow-colored Ce(OH)4. The 

precipitate was filtered, washed several times with water, and dried at 

100 ℃ for 12 h followed by calcination at 500 ℃ for 5 h to get ceria.  

 

 

 

 

 

 

Fig. 6.1 Synthetic steps of cobalt-doped ceria by wet impregnation 
method. 

Ceria was then powdered and used for the preparation of 

cobalt-doped ceria catalysts by the wet impregnation method. For this, 

powdered ceria was added to cobalt nitrate solution of definite 

concentration and stirred at 60 ℃ until the excess solvent was 

evaporated, drying was then performed at 100 ℃. The dark-colored 

substance was calcined at 500 ℃ for 3 h to get the Co/CeO2 catalyst. A 

 

Stirred at 60 C

Dried at 100 C and 
calcined at 500 C 3hCeria powder

Aq. Co(NO3)3 n-Co/Ceria  
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pictorial depiction of the impregnation of cobalt into ceria is shown in 

figure 6.1. The percentage of cobalt doping was varied as 1 wt%, 2 wt 

%, and 3 wt % to obtain different catalysts. The systems were 

designated as n-Co/CeO2, where n indicates the weight percentage of 

Co used in the preparation.   

6.2.2 Catalytic Oxidation of CO and Propane 

The catalytic activity of the synthesized samples on 

simultaneous oxidation of CO and propane (model hydrocarbon 

pollutant) was conducted in a fixed bed reactor of 13 mm internal 

diameter using a standard cylinder having a mixture of 7000 ppm CO, 

1300 ppm propane, and 10000 ppm oxygen. The inlet gas flow rate 

was varied using a mass flow controller (MFC AABORG, USA) 

before entering the reactor. The catalyst bed was fixed inside the 

reactor, which is programmed at a definite temperature. The 

composition of the effluent gas after the catalytic reaction was 

monitored using a gas analyzer (AVL DiGas 444, India). The catalytic 

reaction was performed at different temperatures from 250 ℃ to 500 

℃ to find out the temperature of the maximum conversion of CO and 

propane. The effect of reaction parameters such as inlet gas flow rate, 

catalyst weight, and percentage of cobalt loading in the catalyst was 

also studied to identify the best conditions of the reaction. Blank 

reactions were also conducted at different conditions. The percentage 

conversion was calculated according to the equation; 

% conversion of CO/propane = [(CO/propane blank - CO/propane 

cat)/CO/propane blank] x 100 
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where CO/propaneblank and CO/propanecat are the percentage volume of 

CO/propane in the blank and catalyzed reactions respectively. The 

picture of the experimental setup for the catalytic oxidation is shown in 

figure 6.2. 

EMISSION ANALYSIS

 

Fig. 6.2 Experimental setup for the catalytic oxidation of CO and HC. 

6.2.3 Peroxidase-Like Activity of Co/CeO2 

The peroxidase-like activity of the cobalt doped catalysts was 

investigated in the oxidation reaction of a chromogenic substrate TMB 

to form oxidized TMB with a blue color. Oxidation of TMB was 

catalyzed by Co/CeO2, as a peroxidase-like material, in the presence of 

H2O2 in a 0.2 M acetate buffer. In a typical reaction, 0.4 ml TMB (0.3 

mg/ml in DMSO) and 0.4 ml H2O2 (0.25 M) and 0.4 ml Co/CeO2 (0.3 

mg/ml) are mixed in 0.2 M acetate buffer so as to make total volume of 
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4 ml. The reaction mixture was kept at room temperature for 20 min, 

the absorbance of the obtained blue-colored solution at a wavelength 

of 650 nm was measured using a spectrophotometer. 

6.2.4 Colorimetric Sensing of the Linear Range of H2O2 

The detection of H2O2 was performed as follows: 50 µL TMB 

(3 mg/ml) and 50 µL Co/CeO2 nanoparticle suspension (3 mg/ml) were 

mixed with 3 ml acetate buffer. H2O2 solution of different 

concentrations was added, and the absorbance of the mixture was 

monitored after 10 minutes reaction. The relation between absorbance 

and H2O2 concentration was investigated by varying the concentration 

of H2O2 from 3.33 µM to 5000 µM keeping the other reaction 

conditions unchanged. 

6.3 Results and Discussions 

Figure 6.3 shows the X-ray diffraction patterns of ceria and 

cobalt-doped ceria samples. The presence of diffraction lines of (111), 

(200), (220), (311), (222), (400), (331), and (420) planes are indexed to 

the cubic fluorite structure of ceria with Fm3m space group [20]. The 

intense and broad peaks observed in the XRD show the well crystalline 

nature of the small crystallites. No additional peaks are observed in 1 

wt% and 2 wt% cobalt doped samples, which indicate the proper 

incorporation of cobalt into the ceria lattice. The homogeneous Co-Ce-

O solid solution formation is thus evident in these two samples. The 

low intense peak at 36.7° observed in the 3% Co/CeO2 sample 

corresponds to the cobalt oxide phase (Co3O4) [21].  
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Fig. 6.3 X-ray diffraction patterns of CeO2 and cobalt doped catalysts. 

The average crystallite size and lattice parameter of CeO2 samples are 

calculated from the diffraction peak from the (111) plane and are given 

in table 6.1 [22]. The lattice parameter of the doped samples is slightly 

less than the bulk counterparts (5.4113 Å). This lattice contraction is 

due to the substitution of small divalent or trivalent cobalt ion [r(Co2+) 

= 0.90 Å and r(Co3+) =  0.61Å] for Ce4+ ions [r(Ce4+) = 0.97 Å] in the 

ceria lattice [22]. 

          The lattice strain involved in the nanocrystals is calculated from 

the Williamson-Hall plot (figure 6.4) analysis, and the values are 

presented in table 6.1.  
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Fig. 6.4 Williamson-Hall plot of ceria and cobalt doped crystals. 

It is observed that the slight increase in the lattice strain of cobalt 

doped ceria samples is due to the slight increase in the number of 

oxygen vacancies. The increase in lattice strain is beneficial for the 

catalytic reactions because it can enhance the reducibility of the 

catalyst by decreasing the strength of the metal-oxygen bond. 

          The FTIR spectra of the synthesized samples are shown in figure 

6.5. The characteristic absorption band at 500 cm-1 is due to the 

symmetric stretching vibration of the Ce-O bond, and the peak at 1320 

cm-1corresponds to the O-H bending vibration of the Ce-OH bond [23]. 
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Table 6.1 Physical characteristics of samples. 

Sample Crys
tallit

e 
size 

(nm) 

Lattice 
Parame

ter 

(nm) 

Lattice 
strain 

 

Parti
cle 

Size 

(nm) 

BET 
S. A 

(m2/
g) 

Mea
n 

pore 
dia 

(nm) 

Pore 
volum

e 

(cm3/
g) 

CeO2 7.2 0.5418 
0.0023 

8.8 57.9 6.7 0.106 

1% 
Co/CeO2 

6.4 0.5417 0.0047 9.4 59.9 6.9 0.099 

2% 
Co/CeO2 

3.4 0.5414 0.0069 7.8 63.1 7.8 0.117 

3% 
Co/CeO2 

3.9 0.5413 0.0051  55.9 7.5 0.105 
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Fig. 6.5 FTIR spectra of CeO2 and cobalt doped ceria catalysts. 
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The stretching and bending vibrations O-H bond of water molecules; 

that are adsorbed on the surface of ceria particles are observed as broad 

absorption bands at 3450 cm-1and 1610 cm-1 respectively. 

The scanning electron microscopic images of CeO2 and 2% 

Co/CeO2 samples are shown in figure 6.6. The morphology of the bare 

ceria catalyst was not affected much by cobalt doping. 

CeO2 2% Co/CeO2

 

Fig. 6.6 SEM images of CeO2 and 2% cobalt doped ceria catalysts. 

The particle size of the nanoparticles was investigated by 

Transmission electron microscopy. The TEM images (figure 6.7) of 

the representative samples show spherical homogeneous particles 

within the size range of 8 nm to 14 nm. It is found that the particle size 

decreased on cobalt doping which agrees with the crystallite size 

calculated from XRD analysis using the Debye Scherrer formula. 

Thermogravimetric analysis results of 2% Co/CeO2 are shown 

in figures 6.8 and 6.9). The weight loss up to 100 ℃ is due to the 

removal of physically adsorbed water on the sample. 
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Fig. 6.7 TEM images of CeO2 and cobalt-doped ceria catalysts. 
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Fig. 6.8 TG curves of 2% Co/CeO2. 

Weight loss from 100 ℃ to 200 ℃ corresponds to the decomposition 

of nitrates on the surface of the material, and the weight loss around 

300 ℃ is due to the complete decomposition of bulk cobalt nitrate, 

which was the precursor of cobalt species in the sample. 

CeO2 1% Co/CeO2 2% Co/CeO2
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Fig. 6.9 DTG curve of 2% Co/CeO2. 

The elemental composition and the oxidation states of elements 

in the CeO2, 1% Co/CeO2, and 2% Co/CeO2 were analyzed by XPS. 

The wide scan spectra, Ce3d, O1s, and Co2p regions are presented in 

figures 6.10, 6.11, 6.12, and 6.13 respectively. In Ce3d spectra, the 

peaks at 880 eV, 886 eV, and 895 eV correspond to the Ce 3d5/2.  

Peaks corresponding to Ce 3d3/2 are observed at 898 eV, 905 eV, and 

914 eV. These three pairs of peaks arise from the different Ce 4f 

electronic configurations in the final state of Ce4+ [24].  
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Fig. 6.10 XPS wide scan spectra of ceria and cobalt doped ceria. 
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Fig. 6.11 XPS Ce3d core spectra of ceria and cobalt doped ceria. 
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Two peaks are observed in O1s spectra (figure 6.12). One at 

528 eV can be assigned to the lattice oxygen and the other at 530 eV is 

due to surface adsorbed oxygen in ceria.  
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Fig. 6.12 XPS O1s spectra of ceria and cobalt doped ceria. 

In the Co 2p XPS (figure 6.13) the two peaks observed at 780 

eV and 795 eV are due to the Co 2p3/2 and Co 2p3/2 spin-orbital peaks 

respectively [25].  The peak at 779 eV suggests surface Co3+ species 

while the other at 781.2 eV is assigned to surface Co2+ species [4]. For 

the 1% and 2% cobalt doped CeO2 samples the wt% of cobalt obtained 

from the XPS analysis is 8.78%. XPS mainly gives the concentration 

of the surface and immediate bulk. Thus the incorporated Co mainly 

exists on the surface of the nanomaterial.  
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Fig. 6.13 XPS Co2p spectra of ceria and cobalt doped ceria. 

Oxygen storage capacity and reducibility of CeO2 and 2% 

Co/CeO2 samples were characterized by temperature-programmed 

reduction (TPR) with H2. Two notable reduction peaks are observed in 

the H2-TPR of CeO2 (figure 6.14).  One centered at 501 ℃ is due to 

the reduction of surface lattice oxygen, and the second one at 802 ℃ is 

ascribed to the reduction of bulk lattice oxygen [9]. This difference in 

the reduction temperatures is due to the distinct binding energy 

between the Ce4+ and oxygen in the crystal. In the cobalt doped 

sample, the reduction peaks of ceria have decreased to 773 ℃ and 400 

℃ respectively, as shown in figure 6.15. Thus the introduction of 

cobalt ions into the ceria lattice increases the reducibility of ceria as it 

weakens the Ce-O bond in the solid solution [7].  
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Fig. 6.14 H2 TPR profile of CeO2. 
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Fig. 6.15 H2 TPR curve of 2% Co/CeO2. 
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Previous reports show that the reduction of Co3O4 occurs below 

400 ℃ in two steps: Co3+ → Co2+ and Co2+ → Co0 [3]. The peak at 

285 ℃, designated as β, is due to the reduction of Co3+ to Co2+ ions. 

The γ peak at 349 ℃ can be ascribed to the reduction of Co2+ to Co0 

[21]. The reduction properties of cobalt are influenced by the metal-

support interaction in the catalyst, and the Co2+ to Co0 reduction is 

thus enhanced here [26].  

Quantitative H2 consumption obtained from TPR profiles is 

shown in Table 6.2. The results confirmed that the Co-doped samples 

possess enhanced redox properties, and thus a greater concentration of 

active oxygen is present there than the pure CeO2. The total hydrogen 

consumption of the Co-doped system is considerably higher than pure 

CeO2, indicating the movement of more reducible oxygen atoms to the 

surface driven by the smaller cobalt species in the lattice. 

Table 6.2. H2 consumption data of CeO2 and 2% Co/CeO2 as 
calculated from TPR profiles. 

Sample H2 consumption (mmol/g) 

Surface 
oxygen 

Bulk oxygen Total 

CeO2 1.695 2.829 4.524 

2% Co/CeO2 5.327 3.682 9.009 
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Raman spectra are used to study the oxygen vacancies in the 

solid solution. Raman spectra are given in figure 6.16. The band 

centered at 464 cm-1 shown in the pure CeO2 sample is characteristic 

of the triply degenerate Raman active mode of cubic fluorite structure 

of ceria. 
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Fig. 6.16 Raman spectra of ceria and cobalt doped ceria catalyst. 

This Raman peak of ceria is shifted to lower wavenumber for 2% 

Co/CeO2 sample. The redshift of the peak may be attributed to the 

lattice contraction as a result of the doping with smaller cobalt ions in 

the crystal lattice of ceria. XRD results supported this observation [3]. 

          The BET surface area and pore size measurements were carried 

out for all the samples.  
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Fig. 6.17  Nitrogen adsorption-desorption isotherms of ceria and cobalt 
doped ceria catalyst. 
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Fig.6.18 BJH pore size distribution of ceria and cobalt doped ceria 
catalyst. 
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The adsorption-desorption isotherms and the BJH pore size 

distribution of the samples are presented in figures 6.17 and 6.18 

respectively. It can be observed from figure 6.17 that all the samples 

can be categorized as Type IV with an H3 hysteresis loop indicating 

the mesoporous nature of the catalysts with narrow slit-shaped pores. 

The specific surface areas of the cobalt-doped systems are slightly 

higher, compared to the bare ceria as given in table 6.1. 

The catalytic activity in the oxidation of CO and propane was 

investigated using the bare ceria and cobalt doped catalysts as 

described in the experimental section. The effect of different reaction 

parameters such as reaction temperature, inlet gas flow rate, catalyst 

weight in the reactor, and percentage of cobalt loading in ceria 

catalysts was studied. Initially, the oxidation reaction was carried out 

using 0.75 g 2% Co/CeO2 catalyst at different temperatures varying 

from 250 ℃ to 500 ℃ at an interval of 50 ℃. It is evident from figure 

6.19 that the cobalt-doped catalysts have achieved 80% CO oxidation 

at 250 °C itself so that the catalyst can be effectively used for low-

temperature CO oxidation reaction. 

The conversion of CO and propane increased with increasing 

reaction temperature, and 100% CO oxidation and 85% propane 

oxidation are obtained at 400 ℃.  Even though the catalysts are less 

active in HC oxidation at low temperatures, 100% CO and HC 

oxidation are observed on further increase in the reaction temperature 

to 450 ℃. Conversion remained 100% at 500 ℃ too. 
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Fig. 6.19 Effect of reaction temperature on % conversion of CO and 
HC using 0.75 g 2% Co/CeO2 catalyst. 
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Fig. 6.20 Effect of gas hourly space velocity (GHSV) on the 
conversion of CO and HC. 0.75 g, 2% Co/CeO2 catalyst was used at a 

reaction temperature of 500 °C. 
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The effect of the gas hourly space velocity (GHSV) of CO and 

HC in conversion was studied with 0.75 g 2% Co/CeO2 catalyst at 500 

℃, and the result obtained is presented in figure 6.20. The GHSV was 

varied from 57800 h-1 to 289000 h-1 by controlling the inlet gas flow 

using the mass flow controller shown in the experimental setup. 100% 

conversion of CO and HC was obtained at gas flow rates of 100 

ml/min and less, but both the oxidation rate decreased on further 

increasing the gas flow rate as expected. This decrease in activity is 

because more gas molecules are entered into the same number of 

active sites of the catalyst during the residence time with an increase in 

the flow rate. 

The effect of catalyst weight on the percentage conversion was 

investigated at 400 ℃ using 2% Co/CeO2 catalyst by varying the 

amount of catalyst, and the results are given in figure 6.21. On 

increasing the catalyst weight from 0.25 g to 1.00 g, both the oxidation 

activity of CO and HC occurs in an inverted parabolic manner. The 

optimum catalyst weight is 0.75 g. On further increase in the amount 

of catalyst inside the catalyst bed, the conversion is decreased, which 

can be due to the slow diffusion of gaseous reactant/product molecules 

into/from the active sites of the catalyst. 

The effect of the amount of cobalt on ceria was also studied in 

the reaction conducted with different percentages of cobalt 

incorporated ceria at 400 ℃ using 0.75 g of all the catalysts prepared. 
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Best results are obtained in CO and HC conversion using the 2 wt% 

cobalt loaded catalyst as shown in figure 6.22.  
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Fig. 6.21 Effect of catalyst weight on % conversion of CO and HC at  
400 °C using 2% Co/CeO2. 
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Fig. 6.22 Effect of percentage cobalt loading in ceria on the catalytic 
activity of CO and HC oxidation at 400 °C using 0.75 g catalyst. 
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The highest activity of 2% Co/CeO2 is due to the combined 

effect of smallest particle size, and highest surface area – pore volume 

as revealed from TEM and BET surface area analyses; and also by the 

improvement in the formation of oxygen vacancies through cobalt 

incorporation into the ceria lattice. 3% Co/CeO2 catalyst have slightly 

lesser catalytic activity than 2% Co/CeO2 and the decreased activity is 

due to the lesser incorporation of Co into the ceria lattice as evidenced 

from the indication of the formation of Co3O4 from the XRD patterns. 

The catalytic activity of the pure Co3O4 is found to be lower than 

cobalt-doped ceria for the simultaneous oxidation of CO and HC. The 

maximum HC conversion is obtained as 80%, where the Co/CeO2 gave 

100% oxidation of both CO and HC.  

From the results obtained in the simultaneous oxidation of Co 

and HC, it can be seen that the activity of the Co doped systems was 

enhanced relative to CeO2 by the synergistic interactions between the 

Co species and CeO2. Also, the replacement of Ce by smaller-sized Co 

enhances the oxygen storage-release capacity of the ceria lattice. The 

H2-TPR results confirmed that the Co doped sample got reduced at 

lower temperatures compared to pure ceria. The specific reaction rates 

expressed in mol Kg catalyst-1 s-1 calculated for all the samples are 

given in Table 6.3. The reaction rate studies also suggested the higher 

activity of cobalt-doped ceria catalysts compared to bare ceria. The 

highest value in both CO and propane oxidation for 2% Co doped 

catalyst is also evident from the data. 
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Table 6.3 specific reaction rates calculated for cobalt doped 
ceria catalysts in CO and propane oxidation reaction. 

Catalyst Specific reaction rate (mol Kg catalyst-1 s-1 ) 

CO Propane 

CeO2 0.0317 0.4026 x 10-3 

1% Co/ CeO2 0.0340 1.1786 x 10-3 

2% Co/ CeO2 0.0397 1.4600 x 10-3 

3% Co/ CeO2 0.0397 1.3080 x 10-3 

 

The plausible catalytic mechanisms of CO and propane 

oxidation are shown in figures 6.23 and 6.24, which are initiated by the 

adsorption of the reactant molecules on the active Ce1-xCoxO2 (where x 

is ~0.0878) species.  

CO molecules can easily adsorb on the surface of Ce1-xCoxO2, 

which then forms bidentate carbonate species that are the intermediates 

in CO oxidation (as per the Mars-Van krevelen (MvK) mechanism) 

[2,27]. The adsorbed CO extracts the surface oxygen atom to form a 

CO2 molecule. The CO2 molecule then converts on the surface as 

bicarbonate species using the second oxygen in the vacant sites. This 

oxygen is then exchanged with the neighboring adsorbed CO molecule 

forming CO2 again. Desorption of these two CO2 molecules recovers 

the oxygen vacant sites for the adsorption of gaseous O2. Thus the 

catalytic efficiency mainly depends on the mobility of lattice oxygen 
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exposed on the surface. As already mentioned, cobalt incorporation 

and the resultant lattice expansion is the reason for the improvement in 

the catalytic performance upon doping.  [27]. 

 

Fig. 6.23 CO oxidation mechanism over cobalt doped ceria.  

 Generally, the C-H bond breaking is a crucial step during the 

combustion of hydrocarbons over both noble metal and metal oxide 

catalysts. The activation of propane over metal oxides occurs by the 

abstraction of hydrogen atoms from the weakest C-H bond, with a 

simultaneous reduction of the surface sites and the successive 

formation of the surface hydroxide ions. Therefore, propene, the 

dehydrogenation intermediate, has been detected during the total 
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oxidation of propane [2]. It is then converted to different intermediates 

as shown in Figure 10, and is finally converted to and desorbed as H2O 

and CO2 [2]. Surface oxygen plays a crucial role here also, and the 

presence of Co enhances the exchange of lattice oxygen in CeO2.  

 

Fig. 6.24 Plausible mechanism for the oxidation of propane over cobalt 
doped ceria. 

 A comparison of the catalytic activity of the best catalyst 

sample, i.e., 2% Co/CeO2 is performed with the other reported cobalt 

incorporated ceria samples in the literature, and the results are shown 

in Table 6.4. Present results are promising since the reactions were 

possible even at reasonably low temperatures, and simultaneous 

oxidation of both CO and HC are also achieved. The simplicity in the 

preparation procedure and the absence of the use of any template 
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material is the additional advantage of the present investigation. 

Significant oxidation activities are obtained in both CO and propane 

oxidation using the present cobalt doped CeO2 catalyst prepared by 

simple precipitation method and further wet impregnation of Co. 

Usually, catalysts were subjected to deactivation during continuous run 

owing to the formation of coke on the catalysts’ surface. Since CeO2 

can also act as a soot combustion catalyst, the coke formation that can 

lead to catalyst deactivation may be limited over ceria, especially at 

high temperatures. It is also observed that the present 2% Co/CeO2 

catalyst retained 100% of its initial activity even after 5 hours of 

continuous run.  

Table 6. 4. Comparison of the performance of 2% Co/CeO2 in CO and 
propane oxidation with the reported cobalt incorporated CeO2 samples. 

Catalyst Preparation 
method 

Catalyti
c 

reaction 

T50 (ᵒC) Specific 
reaction 

rate 

(mol Kg 
catalyst-

1 s-1) 

Referenc
e 

Cobalt-

cerium 

spinel 

oxide 

Citric acid 

complex 

method 

Propane 

oxidatio

n 

220 0.22 x 

10-3 

9 

Co Hydrothermal Propane 328 - 4 
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modified 

CeO2 

nanorod

s 

oxidatio

n 

(Co3O4)

x/ CeO2 

Hydrothermal

, deposition 

precipitation 

CO 

oxidatio

n 

84 - 6 

Co3O4-

CeO2 

Surfactant 

template 

CO and 

Propane 

oxidatio

n 

94 (CO) 

223 

(propane

) 

- 2 

Co-

CeO2 

nanorod

s 

Hydrothermal CO 

oxidatio

n 

145 - 1 

Co-

CeO2 

nanodisk 

Hydrothermal CO 

oxidatio

n 

176  11 

Co30Ce 

urea 

Precipitation Methan

e 

oxidatio

343 0.373 x 

10-3 

28 
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n 

Co30Ce Coprecipitati

on 

Propene 

oxidatio

n 

- 0.055 x 

10-3 

29 

2% 

Co/CeO2 

Precipitation 

and wet 

impregnation 

CO and 

Propane 

oxidatio

n 

150 

(CO) 

325 

(propan

e) 

0.0397 

(CO) 

1.4600 x 

10-3 

(propan

e) 

This 

work 

 

The cobalt-doped catalysts have also been used for the 

colorimetric determination of H2O2 due to its peroxidase-like 

performance. To demonstrate the peroxidase-like mimics a 

colorimetric method is used in the oxidation of a chromogenic 

substrate TMB to a blue-colored Ox-TMB (3,3′,5,5′-

tetramethylbenzidine diimine) with the assistance of H2O2 as shown in 

the equation below.  

TMB Ox-TMB
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The absorbance spectra, of the blue-colored solution, centered 

at 650 nm were monitored and used to compare the catalytic activity of 

the synthesized catalysts. The absorption spectrum of TMB oxidized 

by different systems in acetate buffer is shown in figure 6.25 and it is 

clear that an intense absorption band at 650 nm is observed only in 

presence of catalysts, i.e.; ceria or cobalt doped ceria, indicating that 

presence of ceria is an essential requirement for the oxidation of TMB 

with H2O2. A comparison of the absorbance values of ox-TMB by 

different catalyst systems is shown in figure 6.26. Also, it is evident 

from the figure that Co/CeO2 exhibited more catalytic activity in TMB 

oxidation compared to undoped CeO2. 
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Fig. 6.25 UV-vis absorption spectrum of TMB oxidized at different 
conditions in acetate buffer. 
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The oxidation of TMB has been reported to proceed via a 

Fenton-like mechanism in which OH radicals are responsible for the 

formation of blue-colored Ox-TMB [30]. The oxidation reaction 

occurs by an electron transfer from a nonbonding orbital (NBO) of 

TMB to the lowest unoccupied molecular orbital of H2O2 [31]. The 

presence of a cobalt-doped catalyst can effectively facilitate the 

electron transfer from TMB to H2O2 resulting in enhanced peroxidase-

like activity. 
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Fig. 6.26 Comparison of absorbance of ox-TMB obtained by oxidation 
in the presence of CeO2 and 2% Co/CeO2 by in acetate buffer. 

The catalytic activity of the cobalt doped samples monitored by 

absorbance measured in time course at 650 nm is presented in figure 

6.27. In all the cases, the absorbance increased with time, indicating 

that the cobalt-doped ceria catalysts effectively catalyze the oxidation 

of TMB in presence of H2O2. It can be observed from the figure that 

the rate of oxidation is different in the three cases. After 10 min 
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reaction time, an increase in oxidation rate is observed in 3% Co/CeO2 

compared to 1% Co/CeO2. On comparing the absorbance values of the 

systems at 10 min there is only a slight difference in the activities of 1 

wt% and 3 wt% cobalt doped systems.  

By choosing the catalyst synthesized using a minimum amount of 

cobalt doping in ceria, 1% Co/CeO2 has been selected for further 

studies on the colorimetric determination of H2O2. 
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Fig. 6.27 Time-dependent absorption changes at 650 nm using cobalt-
doped ceria catalysts. 

Absorbance values of Ox-TMB were measured continuously on 

adding H2O2 in different concentrations to 1% Co/CeO2 catalyst-TMB 

mixture as specified in the experimental section and the concentration-

response curve is plotted in figure 6.28.  
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Fig. 6.28 Concentration-dependent curve of Ox-TMB with the addition 
of H2O2 of different concentrations. 
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Fig. 6.29 Linear calibration plot for H2O2 in the concentration range of 
3.33 µM-100 µM. 
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Fig. 6.30 Linear calibration plot for H2O2 in the concentration range of 
0.1 mM-1.16 mM. 
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Fig. 6.31 Linear calibration plot for H2O2 in the concentration range of 
1.16 mM-5 mM. 
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The absorbance increases with the concentration of H2O2 and three 

linear ranges are observed in the curve. The lowest detection limit is 

3.33 µM, and the three linear ranges observed are 3.33 µM-100 µM 

(R2 = 0.9912), 100 µM-1166 µM (R2 = 0.9963) and 1166 µM-5000 

µM (R2 = 0.9982) as given separately in figures 6.29, 6.30 and 6.31 

respectively. 

Table 6.5 Linear range and LOD in peroxidase-like H2O2 sensing using 
reported CeO2 catalysts. 

Catalyst Linear range 
(μM) 

LOD 
(μM) 

Ref 

CeO
2
/C nanowires  0.5  - 100  0.42  32 

porphyrin functionalized 
CeO

2
 

10 - 100  1.8  13 

CeO
2
 NPs 0.6 - 1.5  0.5  18 

CeO
2
 NPs 4 - 40  2.5  15 

porphyrin functionalized 
CeO

2
 nanorods  

10 – 100  6.1  33 

Co3O4 nanoparticles inside 
CeO

2
 nanotubes  

2-80 1.2  34 

Co/CeO
2
 3.33-100, 100-1166, 

1166-5000    

3.33  This 

work  

 
The linear range and limit of detection of H2O2 in the 

colorimetric determination using the Co/ceria catalyst synthesized in 

this work has been compared with the values from literature studies 

and is presented in table 6.5. Compared to the corresponding values in 
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the reports, a wide linear range (3.33-100 µM, 100-1166 µM, and 

1166-5000 µM) is obtained using the catalyst synthesized in this work. 

6.4 Conclusions 

            In this work, cobalt-doped ceria catalysts were synthesized by 

precipitation followed by a wet impregnation method using cerium 

nitrate and cobalt nitrate as the precursors and ammonia as the 

precipitating agent. The samples were well characterized by different 

techniques. The prepared systems were examined on the catalytic 

oxidation of pollutants, carbon monoxide, and propane (a model 

hydrocarbon pollutant). The effect of polluted gas flow rate, reaction 

temperature, catalyst weight, and the effect of cobalt loading in ceria, 

on CO and HC oxidation, were studied in detail. All the cobalt-doped 

ceria systems were more active in both CO and propane oxidation than 

bare ceria. 100% CO and propane conversion were obtained at 450° C 

using 0.75 g 2 wt% cobalt doped ceria catalyst. The cobalt doped 

systems were also applied in the colorimetric determination of H2O2 

due to their peroxidase-like performance. Three linear ranges; viz 3.33-

100 µM, 100-1166 µM, and 1166-5000 µM were observed in the H2O2 

sensing with a good LOD value using a 1% Co/CeO2 sample. 
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7.1 Introduction 

Cerium oxide is a relevant rare earth metal oxide exhibiting 

unique properties such as oxygen storage capacity (OSC). The 

simplistic oscillations of cerium between +3 and +4 in ceria crystal 

with the corresponding formation of oxygen vacancies are responsible 

for the OSC of cerium oxide [1]. This peculiar redox property of 

cerium makes ceria a suitable material applicable as a catalyst in many 

redox reactions such as three-way catalysis, water gas shift reactions, 

oxidation of volatile organic compounds, photocatalysis, etc [2]. The 

fluorescence emission properties of ceria nanoparticles can use for the 

sensing of biologically and environmentally relevant molecules. In 

addition to the several physical and chemical synthesis methods for the 

preparation of ceria nanoparticles, green methods involving active bio 

components in plant extracts as chelating and stabilizing agents are of 

high significance [3].  

7.2 Summary 

In summary, the present work deals with the synthesis of ceria 

nanoparticles via green approaches and the characterization of the 

prepared materials by various techniques. The synthesized materials 

have been used for multipurpose applications such as photocatalytic 

antibiotic and dye degradation, adsorption, gaseous pollutant 

degradation, and fluorescence sensing. The synthesis methods adopted 

here are simple and relatively greener. The thesis is structured into 7 

chapters together with a summary and conclusions chapter. The 
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summary of each chapter and the conclusions arrived at are discussed 

in brief in the following sessions.  

7.2.1 Chapter 1: Ceria: Brief Introduction and Literature Review 

The first chapter introduces ceria and describes its unique 

properties such as redox properties, OSC, optical properties, and 

electronic properties. The OSC and oxygen vacancies of ceria, which 

arise in the material as s result of facile conversion between the two 

oxidation states of cerium as Ce3+ and Ce4+ are the key factors 

involved as the basis of various properties of ceria [4]. The different 

solid-state reactions explaining how this property arises in ceria and 

how the nanosize of the particles affect these properties are 

additionally mentioned here. Some methods to improve the inherent 

properties of ceria, such as the incorporation of metal ions, formation 

of mixed oxides, morphological modifications through synthesis 

adopted by various research groups, etc., are briefly discussed. Several 

synthesis methodologies commonly used for ceria including newly 

developed green strategies are also detailed in this chapter. Ceria, 

being a semiconductor metal oxide, has applications in different fields, 

and the various applications of ceria involving three-way catalysis, 

pollutant degradation, adsorption, colorimetric, and fluorescence 

sensing of significant molecules such as H2O2, dissolved oxygen, 

glucose, etc. are explained in the chapter.  The major objectives of the 

present study, including the green synthesis methods and the 
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applications of prepared CeO2 nanoparticles are mentioned in the last 

part of the chapter. 

7.2.2 Chapter 2: Materials and Methods 

The 2nd chapter deals with the experimental methods and the 

materials used throughout this work. The various characterization 

techniques used and their working principles are briefly explained 

here. The technical details of the various instruments used for the 

characterization of the materials synthesized, and also for their 

applications are given. 

7.2.3 Chapter 3: Photocatalytic Degradation of Norfloxacin under 

UV, Visible and Solar Light using Ceria Nanoparticles 

Chapter 3 discussed the synthesis of ceria nanoparticles in the 

ultra-small dimension by simple precipitation method starting from 

cerium nitrate and its application in the removal of norfloxacin (NOF), 

a widely used antibiotic. Three different ceria catalysts were prepared 

there, by varying the concentration of the precipitating agent, NH3, the 

synthesis procedures are also discussed. The samples were well 

characterized by different techniques and confirmed the formation of 

mesoporous ceria nanoparticles having a particle size in the range of 5-

8 nm. The obtained catalysts showed absorption in the visible light 

also, as evidenced by their bandgap values calculated from UV-vis 

analysis. Photocatalytic degradation of NOF was studied under UV, 

visible and solar light irradiation. The effect of irradiation time, 

catalyst weight, solution volume, and antibiotic concentration on 
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photocatalytic activity were studied under UV light. Maximum 

degradation of 98.9% NOF was obtained with ceria synthesized by the 

addition of 2M NH3 to the precursor solution and the catalyst is also 

found to have good reusability. The efficiency of the catalyst in the 

photocatalytic degradation of NOF under visible and solar irradiation 

is also examined and proved. A plausible mechanism of photocatalytic 

degradation of NOF using ceria is narrated here. Since ceria-based 

nanocomposites involving noble metals or those containing two or 

three heterojunctions are usually reported for the effective degradation 

of antibiotics, here, the use of bare cerium oxide nanoparticles 

synthesized by simple precipitation method having excellent catalytic 

properties is truly advantageous, which highlights the importance of 

the present work.  

7.2.4 Chapter 4: Adsorption and Photo Fenton Degradation of 

Congo Red Dye by Ceria Nanoparticles Synthesized using Allium 

Sativum Extract 

This chapter narrates the preparation of nanostructured 

mesoporous ceria from cerium nitrate by the sol-gel method using 

aqueous Allium sativum (garlic) extract. The structural, optical, and 

electronic properties of the ceria samples prepared using different 

amounts of garlic extract were characterized by various methods. The 

results showed that the synthesized cubic fluorite ceria nanoparticles 

are spherical, with particle sizes between 10 nm to 40 nm. N2 

adsorption-desorption studies revealed the mesoporous nature of the 
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ceria samples having narrow slit-like pores. Here we used the various 

phytochemicals present in garlic extract as the chelating and stabilizing 

agents for the preparation of CeO2 nanoparticles having reduced 

particle agglomeration. The synthesized materials are having both 

adsorption and photo-Fenton activity in the removal of a model 

pollutant Congo red. The porous nature of the material, which could be 

attained through the decomposition of the organic compounds in the 

extract during heat treatment is beneficial for the adsorption of dye 

molecules. The effect of different reaction parameters, such as time, 

ceria dosage, the volume of dye solution, and dye concentration on the 

percentage removal was studied in both cases. A maximum of 96% 

Congo red was removed by adsorption and 100% dye was degraded by 

photo-Fenton degradation using the best CeO2 sample prepared in this 

study. 

7.2.5 Chapter 5:  Fluorescence Sensing of Picric Acid by Ceria 

Nanostructures Prepared using Fenugreek Extract 

Chapter 5 is focused on the fluorescence detection of picric 

acid in water using ceria nanoparticles synthesized in the presence of 

fenugreek (Trigonella foenum-graecum) extract by the sol-gel method. 

Easy and fast detection of aquatic pollutants is highly demanded to 

avoid water contamination. The nanostructure and material 

morphology of the obtained cubic phase fluorite ceria is investigated 

using different techniques. The use of fenugreek extract in the 

synthesis of ceria nanoparticles helped to reduce particle 

agglomeration and lead to the formation of smaller particles, which in 
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turn is advantageous in exhibiting excellent fluorescence properties. 

Optical studies confirmed its strong absorbance and intense 

photoluminescence emission. Sensing of picric acid is indicated by 

fluorescence quenching of the nanoparticle dispersion. Ceria 

nanoparticle dispersion synthesized in this study showed a linear 

concentration range of 0.33 µM – 41.6 µM with a lower detection limit 

of 0.33 µM picric acid. The strong interaction between nanoceria and 

picric acid is indicated from the high Stern-Volmer constant. The CeO2 

nanoparticles are also found to be selective to picric acid in presence of 

other phenolic compounds. 

7.2.6 Chapter 6:Cobalt Doped Ceria Catalysts for the Removal of 

Gaseous Pollutants and Colorimetric Detection of H2O2 

          Chapter 6 describes the synthesis of cobalt-doped ceria catalysts 

by precipitation followed by the wet impregnation method using 

cerium nitrate and cobalt nitrate as precursors and ammonia as the 

precipitating agent. The samples were thoroughly characterized by 

different techniques and identified the formation of CeO2 nanoparticles 

in the size range of 8-14 nm. The activity of the prepared systems was 

examined in the simultaneous oxidation of carbon monoxide and 

hydrocarbons (HC). The effect of pollutant gas flow rate, reaction 

temperature, catalyst weight, and cobalt loading in ceria on CO and 

HC oxidation was also studied. All the cobalt-doped ceria systems 

were more active compared to undoped ceria in pollutant gas 

treatment. 100% CO and HC conversion were obtained at 450 ℃ using 
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0.75 g 2 wt% Co doped ceria catalyst. The reducibility of ceria 

nanoparticles could be increased by cobalt doing. The peroxidase-like 

performance of cobalt doped systems was also studied and applied in 

the colorimetric determination of H2O2, which is an important 

intermediate formed in several metabolic reactions in our body. Three 

linear ranges, viz 3.33-100µM, 100-1166 µM, and 1166-500 µM were 

observed in the analysis, with a good LOD value using 1 wt% Co 

doped CeO2 sample. 

7.2.7 Chapter 7:  Summary and Conclusions 

The 7th chapter summarizes the results of the present work on 

the synthesis of ultra-small ceria nanoparticles by simple modifications 

of the reaction conditions in the existing methods and by novel green 

methods; and their applications in pollutant treatment, fluorescence 

sensing, and H2O2 optical sensing. 

7.3 Conclusions 

In the present study, we have synthesized ceria nanoparticles 

by three different green methods, and cobalt-doped ceria catalyst 

systems are also prepared by the wet impregnation method. We have 

used garlic extract and fenugreek extract in the sol-gel preparation, the 

components of which can act as gelating and chelating agents during 

preparation. The various phytochemicals make a key role in the 

formation of small particles of ceria with less agglomeration. The 

prepared ultrasmall ceria particles by ammonia precipitation have been 

proved to be excellent photocatalysts in norfloxacin degradation with 
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good reusability. The mesoporous ceria synthesized by the sol-gel 

method in presence of garlic extract has been utilized for the removal 

of Congo red dye both by adsorption and Photo Fenton reaction in 

visible light. Cobalt doped ceria systems were found to have better 

performance in the simultaneous oxidation of CO and HC. 

Co/CeO2also showed peroxidase-like performance, which has been 

utilized in the colorimetric determination of H2O2. Ceria 

nanostructures synthesized by the sol-gel method in presence of 

fenugreek extract is utilized for the selective sensing of picric acid in 

real water through the fluorescence quenching method. Ceria showed a 

wide linear range in sensing, and a low limit of detection is observed.  

7.4 Future Outlook 

The present work has the potential for extension in various 

dimensions. Nowadays, the synthesis of metal oxide nanoparticles 

using bio-components has been widely studied, and in this work, we 

have synthesized cerium oxide nanoparticles by using garlic and 

fenugreek extracts via sol-gel method. The formation of nanoparticles 

having different morphologies can be tried by varying some synthesis 

parameters. These synthesis methodologies can be extended by making 

use of other bio-components present in different parts of plants, which 

are easily available in our nature. The ceria synthesized by the 

ammonia precipitation method, which is proved to be an excellent 

photocatalyst in norfloxacin degradation, can also be examined in the 

degradation of various other antibiotics and also dyes. Similarly, the 
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photo Fenton catalyst synthesized by garlic extract that has been 

applied in the removal of azo dye Congo red may also be used in the 

removal of other classes of dyes. The three-way catalytic properties of 

cobalt doped systems can also be studied or it can be utilized in some 

other applications such as in solid oxide fuel cells. The colorimetric 

method of determination of H2O2 by cobalt-doped ceria samples can be 

applied for glucose sensing. Fluorescence sensing of other relevant 

molecules such as dissolved oxygen, tiny metal particles such as Fe, 

Pb, Hg, etc., may be examined using the ceria nanoparticles 

synthesized using fenugreek extract which has been used here for 

fluorescence sensing of picric acid. 
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