
 



I 

 

Department of Pure & Applied Physics 
University of Kota, Kota 

M.B.S. Marg, Kabir Circle, Kota 

 
TELEFAX: +91-744-2471-038             Dr. Saurabh Dalela 
E-mail: sdalela@uok.ac.in   Ph.D. (Material Science) 
Website: www.uok.ac.in             Associate Professor  

 

CERTIFICATE 

  
 I feel great pleasure in certifying that the thesis entitled “Study of Electrical, 

Optical and Magnetic properties in doped CeO2” by Ms Swati Soni under my 

guidance. She has completed the following requirements as per Ph.D regulations of 

the University.  

 
(a) Course work as per the university rules. 

(b) Residential requirements of the university (200 days) 

(c) Regularly submitted annual progress report. 

(d) Presented his work in the departmental committee. 

(e) Published/accepted minimum of one research paper in a referred research 

journal, 

 
I recommend the submission of thesis. 

 

 

 

Date:                    Dr. Saurabh Dalela 
  Associate Professor 

  Department of Pure & Applied Physics 
  University of Kota, Kota   



II 

ANTI-PLAGIARISM CERTIFICATE 
 
It is certified that PhD Thesis Titled, “Study of Electrical, Optical and Magnetic 

properties in doped CeO2” by Ms Swati Soni has been examined by us with the 

following anti-plagiarism tools. We undertake the follows: 

a. Thesis has significant new work/knowledge as compared already published 

or are under consideration to be published elsewhere. No sentence, equation, 

diagram, table, paragraph or section has been copied verbatim from previous 

work unless it is placed under quotation mark and duly referenced. 

b. The work presented is original and own work of the author (i.e. there is no 

plagiarism). No ideas, processes, results or words of the others have been 

presented as author’s own work. 

c. There is no fabrication of data or results which has been compiled and 

analyzed. 

d. There is no falsification by manipulating research materials, equipment or 

processes, or changing or omitting data or results such that the research is not 

accurately represented in the research record. 

e. The thesis has been checked using ‘URKUND’ Software and found within 

limits as per HEC plagiarism Policy and instructions issued from time to 

time. 

 

 

 

Ms Swati Soni 
(Name & Signature of Research Scholar) 

Dr. Saurabh Dalela 
(Name & Signature and seal of Research Supervisor) 

  

Place: Kota 

Date: 

Place: Kota 

Date: 

      

  



III 

ABSTRACT 
 
 Nanoscience and Nanotechnology is not only dealt with the fundamental 

understanding of physical property and phenomenon of nanomaterials and 

nanostructures but also it is the most important and exciting frontier area of research 

in almost all field of science and technology. The nanotechnology provides the path 

of many breakthrough changes in different areas of advanced technological 

applications. The nano-structured materials with variable dimensions exhibit unique 

characteristics and having similar chemical composition but behave differently from 

their bulk solid and molecular structures. Among various nanostructured materials, 

semiconductor nanostructures have gained considerable interest of research in the 

field of various technological applications that are already commercialized like solar 

cells, electroluminescent devices, optical gain devices etc.  

 
 One of the important characteristics of nanostructured semiconductors is 

Quantum confinement effect that plays an important role to explore many properties 

which are probably used for practical application. Mainly, quantum confinement 

effect dominates in the low dimensional structures with large surface to volume ratio 

that result in enhancing the band gap along with discrete energy levels. Generally, 

the doped semiconductor nanocrystals form a new class of materials, which is 

having wide range of application in devices i.e. LASER, light emitting diodes and 

sensors.  

 
 The dilute magnetic semiconductor (DMS) is a new class of materials having 

ferromagnetic properties compatible with the existing semiconductor technology. 

DMS are developed by incorporating a fractional quantity of transition metal/Rare 

earth atoms into a traditional semiconductor. These materials can exhibit 

ferromagnetism at/above room temperature make them a promising material for 

spintronics, optoelectronics or other electronics devices by using both charge and 

spin degrees of freedom of electrons. Generally, II-VI and III-VI group of DMS 

nanomaterials have received much attention in the past few years due to their 

interesting physical properties and potential applications in spintronics and magneto-

optical devices. The study of their new physical properties based on certain 
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applications of nanomaterials is possible only when these materials are made 

available with desired size, morphology, crystal structure and chemical composition. 

Among all DMS based nanomaterials, Cerium Oxide (CeO2) is one of the important 

DMS materials with high mechanical strength, thermal stability, excellent optical 

properties, good oxygen ion conductivity and oxygen storage capacity. CeO2 has 

variety of applications such as catalysts for three-way automatic exhaust system, 

mechanical polishing of microelectronic devices, in sunscreen for UV-absorbent, 

oxygen gas sensors and blocking material in UV shielding etc. Furthermore, doping 

of TM/RE metals in CeO2 can also enhance the catalytic and electrical properties of 

CeO2 that depends on some factors such as particle size, morphology and structural 

characteristics etc. RE-doped CeO2 solid solution has been widely used as promising 

electrolytes for intermediate temperature solid oxide fuel cells (SOFC’s). In the 

recent years, a large efforts have been made to investigate the doped CeO2 based 

DMS compounds due to their potential application in spintronic devices. For this 

practical application, CeO2 based DMS material require both Curie temperature 

at/above room temperature and ferromagnetic properties. 

 
 The most important field of research is to develop such nanocrystalline 

structures that induce the ferromagnetism at room temperature which should be 

intrinsic in nature. So, one of the important aims of the present work is to investigate 

pure and doped CeO2 nanocrystalline structures possessing intrinsic ferromagnetism 

at room temperature. Extensive investigations have been carried out on the 

structural, optical, electronic structure, magnetic and electrical properties of pure 

CeO2, TM (Fe) and RE (Sm, Gd) doped CeO2 nanocrystalline samples with different 

concentration of dopants at room temperature. The origin of room temperature 

ferromagnetism (RTFM) has been mainly ascribed to the presence of oxygen 

vacancies and defects on the surface of the pure and doped CeO2 nanoparticles 

(NPs). Based on the experimental data, correlation between the structural, optical, 

electronic structure, magnetic and electrical properties of these samples have also 

been developed. Based on the dependence of formation of oxygen vacancies and 

defects, F-centre exchange mechanism (FCE) and Bound Magnetic polaron model 

(BMP) have been proposed for the observed room temperature ferromagnetism 
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(RTFM) in pure and doped CeO2 nanocrystalline samples. So that, these 

nanocrystalline prospects of potential applications in the development of efficient 

spintronics devices working at room temperature shall be explored.  

 
 The present thesis consists of six chapters. The significance of spintronics, 

DMS materials, different magnetic materials, nanomaterials and their applications in 

different area of science and technology are briefly introduced in the first chapter. 

Moreover, some theoretical models such as FCE, BMP, Double exchange model and 

carrier mediated exchange (RKKY Model) are discussed for explaining the origin of 

ferromagnetism in the pure and doped CeO2 samples. The general introduction of 

cerium oxide and a brief review on the different properties of pure and doped CeO2 

is also initiated in this chapter, represents the major parts of the research have been 

carried out on these samples.  

 
 The second chapter describes the various experimental techniques including 

XRD, TEM, HRTEM, SAED and EDX for structural characterization, UV-Vis-NIR 

and SERS for optical characterization, XPS for electronic structure studies,   

MPMS-3 SQUID-VSM for magnetic studies and Keithley source-meter for 

electrical studies of the synthesized samples for this work. These experimental 

techniques are discussed in the line of the introduction of instrumentation, data 

acquisition, data analysis and information we can infer from the analysis. 

 
 In the third chapter, the pure CeO2 and RE (Sm)-doped CeO2 NPs with 

different dopant concentrations are synthesized by co-precipitation method. The 

structural, optical and electrical properties of these samples have been investigated 

in details using XRD, TEM, HRTEM, SAED, UV-Vis-NIR, SERS and Keithley 

source-meter. The formation of oxygen vacancies, changes in the oxidation state of 

Ce cation with the concentration of dopant have been used to explain the band gap, 

semiconducting and electrical conductivity of Sm-doped CeO2 NPs. 

 
 The fourth chapter includes the synthesis and characterization of pure CeO2 

and RE (Gd)-doped CeO2 NPs with different dopant concentrations prepared by co-

precipitation method. The structural, optical, electronic structure and magnetic 
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properties of these samples have been investigated in detail. The visible light 

photocatalytic activity of all the samples has been demonstrated experimentally and 

gradual enhancement in hydrogen production with fluency of Gd-content in CeO2 is 

also observed. Furthermore, presence of oxygen vacancies and chemical state of Ce 

and Fe-ions has been discussed in core level O 1s, Ce 3d and Gd 4d XPS spectra for 

pure CeO2 and Gd-doped CeO2 nanocrystalline samples to explain the magnetic 

properties of the samples. A theoretical FCE mechanism has been proposed for 

explaining the observed RTFM in pure CeO2 and paramagnetic dominated weak 

ferromagnetism in Gd-doped CeO2 nanocrystalline samples. 

 
 The fifth chapter gives the detailed investigations on the structural, optical, 

electronic structure and magnetic properties of pure CeO2 and TM (Fe)-doped CeO2 

nanocrystalline samples synthesized using co-precipitation method. The structural 

and morphological analysis of all samples had been done using XRD, TEM, 

HRTEM and SAED measurements. The optical band gap and formation of oxygen 

vacancy defects has been confirmed by UV-Vis-NIR and Raman spectra. However, 

the formation of oxygen vacancies and chemical state of all samples has been also 

confirmed by Ce 3d, O 1s and Fe 3d XPS core level spectra. The magnetic 

measurements has been confirmed the RTFM for pure CeO2 whereas Fe-ions 

implantation shows the paramagnetic dominated weak ferromagnetism for Fe-doped 

CeO2 samples that has been explained in the line of change in the oxidation state of 

Ce-ions due to formation of oxygen vacancies and may be correlated with F-centre 

exchange mechanism. The observed signature of ferromagnetism in pure CeO2 

nanocrystalline sample shows significant in the development of spintronics devices 

at room temperature. 

 
 The sixth chapter summarizes the summary and conclusion of the total 

work performed in the thesis. Finally, the scopes for the further investigation are 

also highlighted in this chapter to explain the justification of the remaining work to 

be performed in the coming time. 
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CHAPTER 1 

INTRODUCTION 

 
1.1 Spintronics 

 Spintronics is the phenomena of spin transport in metals and semiconductor, 

also known as “spin transport electronics” [1]. Spintronics explain the intrinsic spin 

of an electron, magnetic moment and fundamental electronic charge in solid-state 

devices, so sometimes it is also termed as “magneto-electronics”. After the electron 

charge, the electron spin corresponds to an additional degree of freedom that could 

be used for information storage and processing. Spintronics involves the study of 

active control and manipulation of spin degree of freedom in solid-state systems. 

The electrical properties of electrons are characterized by electrical conductivity, 

charge carrier mobility, voltage and electric current, whereas, spin properties are 

characterized by magnetization, magnetic resonance and spin relaxation rates [2]. It 

is well known that for information processing and communication, integrated 

circuits and high-frequency devices have been successfully used through controlling 

the charge of electron in semiconductors but mass storage information technology is 

carried out by magnetic recording using only electron spin in the ferromagnetic 

materials. Therefore, it is quite natural, both the spin and the charge of an electron 

can be used at the same time to enhance the performance of a device. This is the 

main idea of spintronics for future microelectronic device to downsize current even 

in nanometres. The main goal of spintronics is to understand the interaction between 

the particle spin and its solid-state environment and to make useful devices using the 

acquired knowledge. The most useful applications are the giant magnetoresistance 

(GMR) and tunnelling magnetoresistance (TMR) in devices, built of ferromagnetic 

metals [3]. Now possibility of making a material that shows both ferromagnetic and 

semiconductor properties at operating temperature is magnetic semiconductor. Thus, 

the functional spintronics devices require a compatible semiconducting material with 

ferromagnetic ordering at operating temperature.  
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1.2 Spintronics materials 

 On the basis of magnetic materials there are three types of semiconductor 

spintronics materials as shown in Figure 1.1. 

 
Figure 1.1: Schematic presentation of (A) Magnetic Semiconductor, (B) Non-

Magnetic Semiconductor and (C) Dilute Magnetic Semiconductor [4].  

 
 In Figure 1.1 (A) magnetic semiconductor are shown, in which one of the 

two elements have local magnetic moment. Magnetic semiconductors are the 

magnetite, chromium and europium chalcogenides etc., which have a periodic array 

of magnetically ordered spins in their crystal structure [5]. These magnetic 

semiconductors are difficult to grow, show incompatibility with semiconductor 

materials such as Si or GaAs, and also have low Curie temperature i.e. below 100K 

[4]. Figure 1.1 (B) shows the non-magnetic semiconductors like GaAs or ZnO, 

which are composed of two non-magnetic elements (white and red). Now, Figure 1.1 

(C) shows the DMS, in which few atoms of non-magnetic semiconductors are 

replaced by atom (transition metal/ rare earth elements) possessing local magnetic 

moments. 

 
There are two major criteria to select the most promising material for semiconductor 

spintronics: 

a) First, the ferromagnetism should be retained by the material at operating 

temperature i.e. room temperature.  
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b) Second, manipulation of electron spin in semiconducting devices should be 

undertaken so that it can improve the conventional semiconductor 

technology.  

 
 Hence, being a ferromagnetic semiconductor material, DMS is a promising 

material for this need. Dilute magnetic semiconductors are non-magnetic 

semiconductors doped with few percentages of magnetic elements such as transition 

metals (TM), which is expected to integrate with the existing semiconductors 

technology with high spin-polarization. The most common DMS are II-VI 

compounds such as CdS, CdSe, ZnSe, ZnS, CuO, ZnO etc., substituted for the 

parent cation with TM ions (Cr, Mn, Fe or Co) and rare earth (Sm, Gd, Eu) ions. The 

III-V compounds display ferromagnetism due to incorporation of Mn in the low 

temperature region, such as Mn-doped InAs and GaAs showed 35 K and 60 K Curie 

temperature (TC), respectively [6, 7]. The optimization of the preparation as well as 

fabrication method is difficult for II-VI compounds for achieving high temperature 

ferromagnetism in these compounds. On the other hand, IV-VI compounds such as 

TiO2, ZrO2, HfO2 and SnO2 mainly depends on the carrier concentration and 

presence of lattice defects. The carrier concentration in IV-VI compounds is 

controlled by dopant ions that influence the magnetic behaviour of the host lattice. 

The TM and rare earth (RE) metals used as magnetic atoms in DMS have partially 

filled d and f states, respectively, containing unpaired electrons. These unpaired 

electrons interact with the host semiconductor by exchange mechanism that 

responsible for magnetic behaviour in DMS [6, 8]. In case of TM-doped DMS, TM 

ions occupy the substituted sites of host semiconductor via sp-d exchange interaction 

and enhance the spin dependent transportation that increases both the magnetization 

and TC of the semiconductor system [9]. It is generally accepted that few percent of 

doping concentration of TM or RE with partially filled d or f shell, respectively, is 

sufficient to involve ferromagnetism in DMS. Many DMS compounds such as, TM-

doped ZnO, TiO2, HfO2, SnO2 and CeO2 have shown room temperature 

ferromagnetism (RTFM) due to some defects, but intrinsic origin of RTFM is still 

under debate [10-14]. The ferromagnetism in metal oxide CeO2, Al2O3, ZnO, In2O3 

and SnO2 NPs has been reported due to the exchange interaction between localized 
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electron spin moments originating from the surface of the NPs [15]. Since, the 

insulating materials has no free charge carriers, therefore, high temperature 

ferromagnetism is reported to be attributed due to the oxygen vacancies. The high 

TC ferromagnetism in TM-doped insulating oxide is proposed by the mechanism of 

oxygen vacancy mediated ferromagnetism or called F-centre exchange (FCE) 

coupling instead of the carrier induced ferromagnetism [16]. In FCE mechanism an 

electron is trapped in the oxygen vacancy which acts as a coupling centre from 

which doped magnetic ions align in the ferromagnetic order. However, the solubility 

of magnetic ions is very low in the host matrix of doped magnetic semiconductors so 

that the origin of ferromagnetism in these compounds has been attributed to the 

magnetic impurities [17]. Therefore, there is a requirement of the host matrix that 

has highly soluble magnetic ions to form stable magnetic semiconductor. 

 
1.3 Type of Magnetism  

 The first naturally occurring magnetic mineral on earth is called magnetite 

(Fe3O4). The different types of magnetism are associated with three main categories 

of material, such as diamagnetic, paramagnetic and ferromagnetic. In addition to 

that, antiferromagnetism and ferrimagnetisms consider as the sub-classified 

materials of ferromagnetism. The behaviour of magnetic materials totally depends 

on the response of an electron and magnetic dipoles to an externally applied 

magnetic field. As we are going to use this terminology of magnetic materials 

throughout the thesis, we would like to discuss various magnetic properties in short 

in the following sections. 

 
1.3.1 Diamagnetism 

 The weakest magnetic form in magnetic materials is diamagnetism, which is 

induced by the orbital motion of an electron due to the applied magnetic field. The 

magnitude of the induced magnetic moment is very small that is induced in the 

opposite direction of the applied magnetic field. That’s why, diamagnetic materials 

shows a negative and very small magnetic susceptibility (χ~10-5) and relative 

permeability (μr) less than unity or zero for perfectly diamagnetic material. A 

schematic magnetic dipole configuration for diamagnetic material in the presence 

and absence of applied magnetic field is shown in the Figure 1.2. 
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Figure 1.2: The magnetic dipole configuration for diamagnetic material (a) 

without and (b) with applied magnetic field (dipoles are aligned in the opposite 

direction of magnetic field) 

 
1.3.2 Paramagnetism 

 
Figure 1.3: The magnetic dipole configuration for paramagnetic material  

(a) without and (b) with applied magnetic field. 

 
 Paramagnetism is the form of magnetism, in which material is weakly 

attracted by an externally applied magnetic field and internally magnetic field is 

induced in the direction of applied magnetic field. It occurs in those materials which 



Chapter 1: Introduction 

6 

have atoms or molecules with permanent dipole moment. In absence of external 

magnetic field, these atomic dipoles are randomly oriented, means no magnetization. 

The magnetic susceptibility of paramagnetic material is small and positive with the 

order of 10-3 to 10-5. The paramagnetism is found in lithium (Li), molybdenum 

(Mo), magnesium (Mg) etc., which has the unpaired electrons to have a stable 

sufficient magnetic moment upon magnetic field application. 

 
1.3.3 Ferromagnetism 

 Ferromagnetism is the phenomenon exhibited by some naturally available 

TM elements as Fe, Ni and Co, and some of the rare earth like Gd and Dy. These 

elements have spontaneous very large and permanent magnetization even in the 

absence of the external magnetic field. Ferromagnetic materials exhibits a long rang 

ordering phenomenon which causes the unpaired electron spins to line up parallel 

with each other in a region called domain. The coupling interaction causes the net 

spin moment of the nearby atoms to align to one another, even in the absence of an 

external magnetic field also. Figure 1.4 represents the spin alignment in 

ferromagnetic material. The magnetic susceptibility of ferromagnetic materials is 

positive and vey high with the order of 106. 

 

  
Figure 1.4: The spin alignment for ferromagnetic material (a) without and (b) 

with externally applied magnetic field. 

 
 The magnetic susceptibility varies with temperature and above a certain 

temperature called TC, the spontaneous magnetization is vanished and material 

behaves like a paramagnetic material. 
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 Therefore, in ferromagnetic material at temperature below TC have small 

domains that are automatically magnetized and separated by domain wall from 

which the spin change gradually, as shown in Figure 1.5. The domain size could 

vary from 10-6 cm to the volume of the crystal.  

 

 
Figure 1.5: Schematic variation of domains in a material and arrows represent 

atomic magnetic moment [18] 

 
 When an external magnetic field is applied to the ferromagnetic material, it 

get magnetized and as the applied magnetic field is removed it will try to 

demagnetise but not take similar path for demagnetisation as the path followed for 

magnetisation and hence these materials exhibit a hysteresis loop between 

magnetization and the applied magnetic field as shown in Figure 1.6. 

 
 Now, according to the domain theory, initially the moments of domains are 

randomly oriented that gives zero net magnetization (as shown in Figure 1.7). As the 

external magnetic field is applied, domains are oriented in the direction of the 

applied field grow at the expense of those domains which are not favourably 

oriented (point B to D in Figure 1.7). This process continues with increasing 

magnetic field until the macroscopic sample becomes a single domain (point E). The 

state of saturation is achieved when domains rotation become oriented with the field 

(point F). When the magnetic field exceeds a particular value then it diminishes the 

domain walls that cannot fully reversed back to their original position, which results 

in remanent magnetization. 
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Figure 1.6: A schematic hysteresis loop expected for ferromagnetic, paramagnetic 

and diamagnetic materials. 

 
 As shown in Figure 1.6, if the applied field (H) is reduced in the reverse 

direction, magnetization does not retrace its original path and at zero fields there 

exist a residual magnetization called as remanence. When field is applied in the 

opposite direction then magnetization within the sample vanishes, this phenomenon 

is called coercivity and the field is known as coercive field (Hc). The slop of the 

magnetisation and demagnetisation curve for diamagnetic material is small and 

negative while for a paramagnetic substance it is small but positive.        

  

 
Figure 1.7: M-H curve for ferromagnetic material represents domain 

configuration with several state of magnetization [19]  
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1.4 Theoretical Models for explaining origin of ferromagnetism in DMS 

 This section describes the models that are commonly used to describe the 

magnetic interaction in DMS. Some of them promote ferromagnetism in the system 

such as double exchange interaction, while other can result in either ferromagnetism 

or antiferromagnetism that depends on physical factors such as chemical bonding, 

defect structure and carrier concentration. 

  
1.4.1 Direct and Super-exchange interaction in insulators 

 Direct exchange interaction couples the spins (si) of the localized electron in 

insulators, which can be described by the Heisenberg Hamiltonian as [20]: 

Hex = −� Jij si ∙ sj
ij

                                               (1.1) 

  
 If the two electronic states of a free atom coupled by the exchange integral 

then Jij tends to positive and spins are aligned parallel, as reflected in Hund’s rule. 

Besides of that if the interaction takes place between localized electrons of different 

neighbouring atoms, Jij tends to negative. For most of the solids with unpaired 

electrons, Jij may be either positive or negative, but typically the negative value 

dominates that leads to anti-ferromagnetic alignment of the neighbouring spins. 

 

 
Figure 1.8: A schematic representation of superexchange interation [21]. 
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 Since, direct exchange interaction cannot explain the antiferromagnetism of 

the TM compounds due to localized d-orbital and direct hopping between the d-

orbitals of different atoms. Besides that the concept of direct exchange can be 

extended to these cases by hopping via the intermediate p-orbital, the mechanism is 

called super-exchange. Therefore, in TM oxides, the superexchange interaction is 

the magnetic interactions between the TM metal ions (d-orbital) and in oxygen 

anions (p-orbital). Superexchange can also be described by the Heisenberg 

Hamiltonian, in which Jij is determined by the metal-oxygen-metal bond angle and 

by the d-electron configuration on TM ions [4].    

 
1.4.2 Carrier mediated exchange (RKKY Model) 

 The Ruderman-Kittel-Kasuya-Yosida (RKKY) model has been known for 50 

years as the basic interaction in the metallic ferromagnetic materials [22]. This 

interaction permits the coupling of magnetic moment through Coulomb exchange 

via band electrons over relatively large distance. This theory has been generated to 

explain the ferromagnetism in metals and efficiently explained the mechanism when 

high concentration of delocalized free charge carriers is present in the host material. 

This model explains the magnetic interaction between the magnetic ion having a 

single localized inner d or f-shell electron and delocalized conduction band 

electrons. It is also showed that the spin polarization of the conduction electron 

oscillates as a function of distance from the localized moments through this model. 

These conduction electrons near to the magnetic ion get magnetized and act as an 

effective field to influence the polarization of the neighbouring magnetic ions. The 

oscillatory polarization decreases with the distance from the magnetic ion, which 

cause indirect super exchange interaction RKKY between two magnetic ions or 

nearest magnetic neighbours. This coupling may be in a parallel (ferromagnetic) or 

anti-parallel (antiferromagnetic) arrangement, which is depending on the separation 

of the interacting atom. The ferromagnetic interaction for 4f localized electrons is 

explained by this mechanism, in which there is an indirect exchange interaction 

between the outer most 5d electrons. These 5d electrons have partially overlapped 

the 4f shells.  
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1.4.3 Double Exchange model 

 This exchange interaction involves the coupling of magnetic ions in different 

charge state, due to it electron hopping takes place between ions through interaction 

between the p-orbital. Spin cannot be flipped in this model. This mechanism is 

favourable when both ions have similar magnetic structure. The magnetism in spinel 

magnetite, manganites and Mn-perovskites can be explained by this model.  

 
1.4.4 Bound Magnetic Polaron Model 

 The ferromagnetic exchange coupling between the TM ions in n-type oxide 

DMS can be explained successfully from bound magnetic polaron (BMP) model. 

Coey et al., has proposed this model for n-type DMS material, which is based on 

exchange interaction between the impurity band and the atomic spin moment on 

dopant ions [23]. Generally, oxides contains significant amount of oxygen vacancy 

defects during synthesis process, which introduces electrons in the system. These 

electron are associated with the defect such as oxygen vacancy, which is confined in 

a hydrogenic orbital of radius rh = ε (m/m*) ao, here ε is the dielectric constant, m is 

the mass of an electron, m* is the effective mass of the donor electron and ao is the 

Bohr radius. Now, these hydrogenic donor electrons form a BMP by coupling with 

3d TM ions within their orbits [24]. This interaction is responsible to the parallel or 

anti-parallel alignment of the magnetic impurity, depending on the system. The net 

energy distribution differs in parallel and anti-parallel alignment, which results in a 

non-zero spin flip energy and that is the main characteristic of BMP. In parallel 

alignment of ions, net energy of the system can be lowered as they all interact with 

carriers in the same way. The s-d exchange energy exceeds by kBT at low 

temperature, so that the mutual alignment of the ions and charge carriers results in 

ferromagnetic ordering. The temperature up to which a BMP can make possible 

magnetic ordering depends on the nature of the interaction between atomic spins and 

the carriers. However, the area of these polaron increases as the temperature 

decreases.  
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 Figure 1.9 shows the schematic interaction in oxides, where oxygen 

vacancies defects act as electron source. These electrons interact with all magnetic 

ions, lying within the orbit. Inside the orbit, if enough number of magnetic spins is 

present then electron is completely spin polarized. So, these atomic magnetic 

moments have an indirect exchange interaction coupled by carriers that results into 

the ferromagnetic ordering in the sample.     

 
 The main issue is to understand the origin of oxygen vacancies in the 

ferromagnetic doped DMS compounds. The exchange mechanism that establishes 

the ferromagnetism can be considered using both the RKKY interaction and the 

BMP theory; in which former require a metallic system while the latter can be 

observed in semiconductor or an insulating material. Another classification of the 

BMP theory is termed as FCE mechanism. This mechanism can also apply to 

explain the RTFM in magnetic insulators [25, 26]. The FCE mechanism deals with 

the ferromagnetism arising due to presence of oxygen vacancies. The charge state of 

an oxygen vacancy can be categorized in three possible forms, such as (a) F2+ centre 

with no trapped electrons, (b) F+ centre with one trapped electron and (c) F0 centre 

with two trapped electrons. The F0 centre charge state is in a single state (S=0) and 

form a shallow donor level or lie above the conduction band. This can only mediate 

weak antiferromagnetism (AFM) exchange between the magnetic dopants. For some 

other cases, the impurity band is formed due to the F0 centre charge states when it is 

overlapped with the conduction band of the host oxide (i.e. 4s band), this favours the 

ferromagnetism in the system but its strength is quite weak. In comparison of this, 

singly occupied vacancies i.e. F+ centre lie deep in the gap and favour a strong 

ferromagnetism in ground state [25].   
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Figure 1.9: A schematic representation of magnetic polarons in DMS [27, 28]. 

 
1.5 Nano-Materials: An Introduction 

 Nanotechnology refers to the branch of science which deals with the 

different aspects of a material in nano-regime, which is about 1 to 100 nm. The 

concept and idea of nanoscience and nanotechnology was presented by Richard P. 

Feynman during his famous lecture “There’s Plenty of Room at the Bottom” [29]. 

Nanotechnology has the potential significant impact on society that has been already 

used by information and communication sectors. It is also used in textiles, coatings, 

in cosmetics, sunscreens, some food and energy technologies, as well as in medical 

products and medicines. Nanotechnology produced different types of materials at 
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nanoscale level. There are two types of nanocrystals that have huge interest; first is 

semiconductor and second is metallic [30, 31]. The semiconductors nanocrystals 

have extent of separation between the valance band and conduction band that define 

the property of the system and also depends on the size of the nanocrystals. So that, 

with the variation in the size of the nanocrystal, different properties can be achieved 

in the same nanocrystal. On the other side, metal nanocrystal doesn’t have the 

autonomy of varying band gap with the variation in the size. Usually, nanoparticles 

(NPs) have wide class of materials which include substance having range less than 

100 nm and according to the shape of the material it can be 0D, 1D, 2D or 3D [32]. 

NPs are not a simple molecules but it is composed of three layers; first is the surface 

layer that may be functionalized with the variety of small molecules, metal ions and 

surfactants. Second is the shell layer that is chemically different material from the 

core material and the last third is the core, which is central portion of the NPs and 

usually refers as the NPs itself [33, 34]. NPs have unique physical and chemical 

properties, such as the electronic, optical and chemical properties of NPs could be 

different from the bulk samples. The behaviour of material at nanoscale is quite 

different as compare to large scale (bulk), therefore it’s become very difficult to 

predict the physical and chemical properties of particles on a very small size. The 

main parameters of NPs are their shape, size, surface characteristics and inner 

structure. The composition of the NPs can be very complex that is depending on the 

interacting chemical or particles as well as on its lifetime. NPs has different way of 

interacting with each other, either they can remain free or group together, which is 

depending on the attractive or repulsive interaction force between them. At 

nanoscale, the particle-particle interaction can be dominated by weak Van der Waals 

forces, strong polar and electrostatic interaction or covalent interaction. These 

interaction forces are either attractive or repulsive; crucially determine the fate of the 

individual and collective NPs. Such interaction between NPs is resulting in 

aggregation and/or agglomeration, which may influence on their behaviour [35]. 

NPs can be formed through either breaking down of large particles or by controlled 

assembly process. There are two methods for manufacturing of NPs. 
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• First is “top-down” method, which involves the breaking down of large 

pieces of material to generate the required nanostructured form. This 

approach is particularly suitable for making integrated structures such as in 

electronic circuits. 

• Second is “bottom-up” method, in which single atoms and molecules are 

assembled to form nanostructure. This is a powerful approach of creating 

identical structures with atomic precision. 

 
 Detection of NPs is difficult in both gases and liquids. Actually, NPs are so 

small that they cannot be detected by optical microscope. Electron microscope is the 

method to analyze the particle size, shape and structure of NPs below 10 nm. When 

these instruments are equipped with a specific spectrometer then chemical 

composition can also be determined at least for large NPs.   

 
1.6 Cerium Oxide (CeO2): A Dilute Magnetic Semiconductor 

 The RTFM in most of the DMS materials discovered so far has non-cubic 

crystal symmetry. Besides of that, RTFM in the cubic crystal systems will facilitate 

the integration of spintronics devices with advances silicon (Si) based 

microelectronic devices. Among all DMS materials that having cubic symmetry, 

cerium oxide (CeO2) NPs is an interesting material due to its potential for various 

application such as: three way catalysis, in solid oxide fuel cell (SOFC’s), ceramic 

materials, UV absorber, Photocatalyst, oxygen sensors and for advanced spintronics 

devices.  

 
 Cerium (IV) oxide is one of the important rare earth oxides, also known as 

ceric oxide, ceria or cerium dioxide. It is an insulating material with high dielectric 

constant (ε = 26) i.e. transparent over the visible and infrared electromagnetic (EM) 

radiation. CeO2 is a pale yellow-white powder within Ce has electronic 

configuration [Xe] 4f15d16s2. The atomic weight of Ce is 140.116 g mol-1.  Ce has 

been found in two oxidation states Ce3+ and Ce4+. Ce also forms cerium (III) oxide 

(Ce2O3) but CeO2 is the most stable phase at room temperature (25oC) and 

atmospheric pressure (100 kPa). Ce has 30 isotopes with atomic weight ranging 

from 123 to 152 g/mol. There are three stable isotopes 136Ce, 138Ce and 140Ce. The 
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most abundant isotope is 140Ce at 88.5% nature occurrence. Cerium resembles to 

iron in colour and lustre, but it is soft, malleable and ductile. CeO2 is used in various 

application such as solid electrolyte in SOFC’s due to its high oxygen ion 

conductivity at temperature 500o-800oC [36], three way catalysts for automobile 

exhaust systems [37], oxygen gas sensors, having wide band gap energy of 3.2 eV 

used as sunscreen for UV absorbent [38], blocking material in UV-shielding [39], 

and CeO2 thin films can also be used as protective coating of SOFC’s interconnector 

[40]. Doping with rare earth metals such as Yttrium (Y), Gadolinium (Gd) and 

Samarium (Sm) in CeO2 increases the oxygen ion conductivity which is more useful 

as an electrolyte in SOFC’s [41-43]. CeO2 is a good n-type semiconductor with wide 

band gap of 3.2 eV, which indicates that CeO2 can only respond to ultraviolet light 

[44, 45].  

 
1.6.1 Structure of CeO2 

 CeO2 crystallizes in the fluorite structure with a face centered cubic (fcc) unit 

cell within the space group Fm-3m. In this fcc structure, eight nearest neighbour 

oxygen anions are coordinated around each Ce cation at the corners of the cube and 

each anion is coordinated by four cation forming a tetrahedron [46]. Experimentally 

it has been determined that the bulk CeO2 has lattice constant 0.5411 nm at 300 K 

with cubic fluorite structure [47]. The high oxygen ion conductivity as well as high 

catalysis activity can be attributed to the inherent ability of CeO2 that to be reduced 

from Ce4+ to Ce3+ through creation of an oxygen vacancy. Non-stoichiometric  

CeO2-δ (0 ≤ δ ≤ 0.5) can also be formed by release and reduction of Ce4+ to Ce3+ 

with the formation of oxygen vacancies in the crystal structure. This can be 

expressed by the following reaction, using Kroger-Vink notation as [46]: 

𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 + 𝑶𝑶𝒐𝒐 → 𝑽𝑽𝒐𝒐•• + 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐′ +
𝟏𝟏
𝟐𝟐
𝑶𝑶𝟐𝟐                                         (𝟏𝟏.𝟐𝟐) 

 Where, Oo is a neutral oxygen on oxygen lattice site, CeCe is a neutral cerium 

on neutral cerium site,  Vo
•• is +2 oxygen vacancy and CeCe

′  is Ce3+ atom on a Ce4+ 

site. However, at low oxygen pressure and temperature above 685oC, CeO2 is 

reduced and forming an oxygen deficient non-stoichiometric oxide that is called α-

phase with composition in the range of 0 < δ < 0.286 for CeO2-δ. This α-phase has a 

disordered non-stoichiometric fluorite structure [48]. 
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Figure 1.10: A Schematic crystal structure of CeO2 

 
 Now, according to the partial pressure of oxygen and temperature, at bulk 

and nanoscale CeO2 has many point defects such as oxygen vacancies (Vo), cerium 

anti-sites (Ceo), cerium interstitials (Cei), impurities on lattice side (Do,Ce), interstitial 

impurities (Di) [49].    

 
1.7 Review of literature  

1.7.1 Structural and Surface morphological Properties of doped CeO2 

 S. Kumar et al. [50] have reported the structural and magnetic properties on 

Fe-doped CeO2 NPs, prepared by co-precipitation method. X-ray diffraction (XRD) 

and selected area electron diffraction (SAED) pattern for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2  (x = 0.01, 

0.05 and 0.07) samples showed the single phase nature with fluorite cubic structure. 

From Transmission electron microscopy (TEM) and SAED pattern, they have shown 

the particle size distribution histogram of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2  NPs. TEM pattern shows that 

Fe-doped CeO2 NPs have spherical shape and particle size increases with increasing 

doping concentration from 1 to 7% in CeO2 NPs. Qi. Y. Wen et al. [51] have 

reported the 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2−𝛿𝛿  (x = 0-0.08) polycrystalline sample fabricated by solid 

state reaction method. The XRD pattern for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2−𝛿𝛿  affirm that the 

diffraction peaks are corresponding to CeO2 fluorite structure which has not been 

altered with Fe-content as high as 7.6%. The surface topography SEM images shows 

that 0.9% Fe-doped CeO2 exhibits a dense and compact structure, while the pure 
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CeO2 has a porous and loosen structure that results the small dielectric constant.      

J. Wang et al. [52] have reported high specific surface area, pore volumes and pore 

size for as-synthesized CeO2 and Co-doped CeO2 nanopowder that can be used for 

many potential applications. K. R. Hailstone et al. [53] have reported in a study of 

lattice expansion in CeO2 NPs by TEM that the particles are highly crystalline with 

predominantly (111) surfaces. SAED image indicates that the fluorite lattice 

structure persists for particle size as small as 1 nm. Oxygen storage capacity (OSC) 

indicates that Ce4+ ion are present at 1 nm size consistent with a fluorite lattice.       

S. Yuna-Qiang et al. [54] have reported that Co-doped CeO2 thin film with 

composition of 𝐶𝐶𝐶𝐶0.97𝐶𝐶𝐶𝐶0.03𝑂𝑂2−𝛿𝛿  (CCO) are deposited on Si (111) and glass 

substrates. The XRD shows that CCO film with (111) preferential orientation is 

grown on Si, while the film on glass is polycrystalline with NPs. M. C. Dimri et al. 

[55] have reported fluorite crystal structure from XRD and Raman spectra for rare 

earth (RE = Nd, Sm, Gd, Tb, Er and Dy) doped CeO2 samples. E. Swatsitang et al. 

[56] have reported single face-centered cubic structure phase for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2        

(x = 0, 0.05, 0.10, 0.15 and 0.20) indicating that Sm3+ ions actually substituting the 

Ce4+ sites. The particle size (10-20 nm) calculated from TEM images are compared 

with XRD line broadening and particles agglomeration. A. A. Aboud et al. [57] have 

reported for pure and Gd-doped CeO2 nano-powder synthesized by co-precipitation 

method and confirmed the single phase fcc structure of samples and crystallite size 

calculated from Scherrer’s equation showed reduction in particle size from 29 nm to 

20 nm as a result of doping through their XRD and Raman spectra. P. Z. Li et al. 

[58] have reported defect cluster with ordered structures in Gd-doped CeO2, verified 

by transmission electron microscopy with the dumb-bell structure formation with   

6-oxygen vacancies in CeO2 matrix that has been identified for defect cluster 

growth. 

 
1.7.2 Optical properties of doped CeO2 

 For Ni-doped CeO2 NPs, F. Abbas et al. [59] reported that the band gap 

energy (Eg) for pure CeO2 is found to be 3.19 eV which shows a systematic decrease 

up to 2.72 eV for 7% Ni-doped CeO2 NPs. This reduction in Eg value of CeO2 NPs 

with Ni doping is correlated with formation of impurity energy levels and micro-
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structural variations. The micro-structural properties are also analyzed using Raman 

spectroscopy and a peak shifting is reported towards lower wave number side (as 

compared to bulk CeO2) for F2g Raman active mode that has been attributed to the 

formation of oxygen vacancies in the system. Increasing Ni concentration again 

shows suppression of F2g mode which may be associated with more oxygen 

vacancies. S. Debnath et al. [60] have reported the optical study of CeO2 film in the 

wavelength range 200 < λ < 850 nm. It has also been shown a lower reflectance in 

the UV-region whereas a very high absorbance in this region. The optical band gap 

has been found to increase with increase in thickness. The value of absorption 

coefficient increases up to a certain value of wavelength in UV-region and it 

decrease exponentially and becomes constant towards the visible region, the 

absorption coefficient decreases with the increase in film thickness. The calculated 

optical band gap for CeO2 thin film has been found to decreases with increase in 

film thickness such as 4.11 eV, 3.81 eV and 3.6 eV. XRD pattern shows that the 

film is crystalline structure with (111) orientation and small crystalline size.            

T. V. Semikina et al. [61] have reported the optical properties of dielectric layers 

with CeO2 along with amorphous film WO3, amorphous complex film WO3+CeO2 

and CeO2+Dy2O3. From their XRD results, it is observed that CeO2 film has sharp 

peaks in the crystalline phase and complex film WO3+CeO2 possesses the 

amorphous structure. The Raman spectroscopy of CeO2 has shown the presence of 

peaks at the wavelength 466 cm-1 for CeO2 and obtained that the energy exciting 

radiation at wavelength 647.1 nm is not enough to excite vibration and hence CeO2 

has wide band gap (2.3 to 3.37 eV) which are required for new gate dielectrics 

applications. The refraction coefficient (n = 1.85-2.85) for CeO2 film and complex 

film is not more than 2.37. For their Mn-doped CeO2 NPs, F. Abbas et al. [62] have 

reported the value of Eg for pure CeO2 NPs is 3.19 eV, which decreases to 2.83 eV 

with Mn-doping, may be due to the formation of defects especially oxygen 

vacancies and impurities caused by Mn-doping. These defects are further verified by 

the Raman spectroscopy as there is a great Raman peak shifting of 22 cm-1 compared 

to that of bulk CeO2. This shifting is linked with the presence of Ce3+ ions too in the 

system. Moreover, further reduction in the peak intensity is also reported with Mn-

doping, which again explains the enhancement of lattice defects and oxygen 
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vacancies. For Fe-doped CeO2 NPs, F. Abbas et al. [63] have reported the band gap 

energy for pure CeO2 NPs is 4.16 eV and it is reduced to 4.06 eV (for 7% Fe 

doping) in a zig-zag manner. The decreasing value of Eg up to 3% Fe doping may be 

related with the fact that incorporation of Fe ions resulted in defects and in the 

formation of impurity level below conduction band, which in turn resulted in the 

reduction of Eg value. After certain limit of doping, at higher concentration of Fe, it 

is reported that band filling effect may arise to enhance the Eg value. From Raman 

spectra they have reported red shift, symmetric peak broadening and decrease in the 

peak intensity of F2g mode peak with Fe-doping and explained due to defects like 

interstitial defects and oxygen vacancies. This decrement also shows the decrease in 

the crystalline quality of NPs, which is confirmed by XRD. Y. Wu et al. [64] have 

also reported two other low intense peaks at high and low energy sides of F2g peak in 

their Raman spectra. One more peak is also reported in the Co-doped samples at 978 

cm-1 which is absent in the pure one and reported due to the formation of additional 

oxygen vacancies.  
 
1.7.3 Electronic structure properties of doped CeO2 

 Phokha et al. [65] have reported weak RTFM in Fe-doped CeO2 NPs, 

induced by oxygen vacancy or defects which are generated by Ce3+ and Fe3+ spin 

electrons confirmed from their XANES measurements. W. C. Wang et al. [66] have 

reported experimental investigations on electronic structure of pure CeO2 and       

Fe-doped CeO2 by X-ray absorption (XAS) and X-ray emission spectroscopy (XES). 

The effect of dopant ion concentration on the ferromagnetism has been discussed 

and they suggested at low concentration of Fe-doping, the oxygen vacancies are 

formed and the magnetism is found to increase but at high doping concentration the 

ferromagnetism is found to decrease in the samples. Chen et al. [67] have reported 

dopant-induced structural differences and defects in Sm-doped CeO2 NPs with 

doping concentration of 3, 5, 7, 9, and 11%. Their results based on XAS, EXAFS, 

Raman and STEM-EELS measurements have observed that below and above 7% 

distribution of defects strongly depend on the concentration of Sm3+ ions in CeO2 

NPs. Smid et al. [68] have reported XPS measurement for Cu-doped CeO2 NPs and 

in their results they have observed that after preparation and calcination, the main 
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state of Ce ion is Ce4+ in Ce 3d spectra while after reaction the main state is reduced 

to Ce3+. On the other hand the existence of binary phase on the edge of Cu/CeO2 

helps the reduction of CeO2 because the Cu-Ce bond also competes with Ce-O bond. 

For this reason oxidation starts at much lower temperature on Cu/CeO2 powder than 

CeO2. J. Fang et al. [69] have reported that TiO2 and CeO2 are in anatase phase and 

cubic fluorite phase in CeO2-TiO2 mixed oxide respectively prepared by the sol-gel 

method. From their XPS analysis they have reported that Ce atoms nucleate as cubic 

like (CeO8) polyhedron with the formation of a Ce-O-Ti interface with cubic fluorite 

CeO2. From their EXAFS study they have shown that CeO2 in mixed oxide exhibit 

local structure different from pure CeO2 and have a much lower absorption capacity 

of methyl orange than pure CeO2. J. F. Lee et al. [70] have reported the local 

structure around Ce atom in nanocrystalline CeO2 using Ce K-edge EXAFS. The 

value for calculated debye-waller factor (𝝈𝝈2) for the first three coordinate shells have 

been reported that the degree of disorder increases with the reduction of particle 

size. The value of 𝝈𝝈2 for the second shell Ce-Ce has been found to be smaller than 

for the value for the first shell Ce-O in the same sample. The larger particle size 

shows a monotonous increase in the coordination number of second shell Ce-Ce, 

observed from the radial distribution function. M. Baron et al. [71] have reported a 

comparative study of gold supported CeO2 (111) thin film and CeOx NPs using 

STM, XPS and IRAS. CeO2 NPs grown on crystalline thin silica films possess Ce in 

both the 3+ and 4+ oxidation states. From their XPS and IRAS data they have 

reported that partially charged Auδ+ species are formed by deposition at low 

temperature (~100K) and low coverage on both CeO2 supports. On CeO2 (111) film 

these species transform into metallic Au particle upon heating up to 300K.             

M. S. P. Francisco et al. [72] have reported XPS, XAS and XRD characterization of 

CuO-TiO2-CeO2 catalyst system. From XRD analysis it can be shown that the 

amount of observed phase depends on composition and is independent of copper 

content. From their XPS, XAS analysis they have reported that CuO is in small 

crystallized grain and there are no CuO bulk phases, even for high copper contents. 

XPS analysis has indicated that Cu dispersion on the mixed support suffered no 

influence of cerium concentration, but it is independent of the cerium species.        

A. Bouaine et al. [73] have reported ferromagnetism in Co-doped CeO2 NPs, 
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prepared by solid-state reaction method. The electronic structure of as-prepared   

Co-doped CeO2 has been investigated by using XAS and XPS spectroscopy. From 

the analysis it is found that there is no metallic Co cluster and Co atoms reside 

entirely at substitutional/ interstitial sites within the host lattice. Co L-edge resonant 

inelastic X-ray scattering (RIXS) spectra indicate the direct Co-Co bond is formed 

due to the precipitation of Co atom in CeO2 with the presence of metallic cluster of 

Co. This metallic cluster is also supported by temperature dependent measurement 

of magnetization. J. P. Rueff et al. [74] have reported on the 4f electron properties 

at 𝛾𝛾 − 𝛼𝛼 transition in Ce by RIXS. From Ce 2p3d – RIXS spectra they have found 

that the electronic structure changes result from band formation of 4f electrons 

which reduced electron correlation and increased Kondo screening at high pressure. 

C. H. Hu et al. [75] have reported that the XRD spectra of as-synthesized Mn-doped 

CeO2 growing at 200 oC for 72 hours have all the peaks, which indicate the cubic 

phase with lattice constant a = 0.5411 nm for CeO2. From their XPS spectra they 

have indicated that the manganese exists as Mn4+ state in CeO2 sample. 

 
1.7.4 Magnetic Properties of doped CeO2 

 S. Kumar et al. [50] have reported the coercivity (Hc) of Fe-doped CeO2 NPs 

decreases from 66.7 to 28.6 Oe, whereas remnant magnetization (Mr) and saturation 

magnetization (Ms) are increased from 4.2×10-3 to 5.2×10-3 emu/g and 5.5×10-3 to 

14×10-3 emu/g respectively with increase in the Fe-content in CeO2. This shows that 

the Fe-doped CeO2 exhibit RTFM. S. Kumar et al. [76] have reported RTFM for 

Co-doped CeO2 NPs and their results indicate that saturation magnetization 

decreases with increase in Co-doping beyond 3%. A. Thurber et al. [77] have 

reported that the saturation magnetization increases with Ni-doped CeO2 up to 4% 

and decreases with further increase in the Ni doping. A. Sundaresan et al. [15] have 

reported that the RT-magnetization field of CeO2 at 500 oC (for 15 nm particle size) 

shows ferromagnetic behaviour with coercivity ~100 Oe and at 1000 oC (for 500 nm 

particle size) CeO2 exhibits a linear M-H behaviour with low magnetic moment 

which is close to diamagnetism for CeO2. It shows that CeO2 exhibit RTFM but 

their corresponding bulk oxide exhibit diamagnetism and assumed that the origin of 

ferromagnetism may be arise due to the exchange interaction between unpaired 
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electron spins arising from oxygen vacancies at the surface of NPs. P. K. Slusser et 

al. [49] have reported that 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐶𝐶𝐶𝐶𝑥𝑥𝑂𝑂2−𝛿𝛿  thin film for x=0.03, exhibited RTFM 

with saturated magnetization of ~1.0 µB/Cu atom. XPS measurement also shows that 

Cu ions are in 2+ states. When an additional Cu ions are introduced within the 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝐶𝐶𝐶𝐶𝑥𝑥𝑂𝑂2−𝛿𝛿  system (x=0.15) super paramagnetic behaviour has been observed, 

but when majority of Cu ions were in 1+ state, ferromagnetic behaviour has been 

observed. It shows that ferromagnetism is an intrinsic property of CeO2.                 

M. C. Dimri et al. [55] have reported that magnetic properties of rare earth        

(RE= Nd, Sm, Gd, Tb, Er and Dy) doped CeO2 samples. They have found RTFM for 

Nd and Sm-doped CeO2 samples, whereas for other RE dopants i.e. Gd, Tb, Er and 

Dy paramagnetic behaviour is observed. The cause of magnetism in these samples 

may be due to oxygen vacancies created by RE dopants in CeO2, which has been 

confirmed from the Raman spectra. Raman spectra also confirmed the formation of 

fluorite crystal structure of RE-doped CeO2 samples. The magnetization has been 

found to be lower for RE-doped CeO2 samples as compare to the transition metal 

(TM) doped CeO2.  

 
1.7.5 Electrical Properties of doped CeO2 
 A. Arabac et al. [78] have reported that 10% Gd-doped CeO2 sample 

prepared by pechini method shows significantly high ion conductivity of 3.4×10-2 

S/cm at 500oC in air. T. Li. et al. [79] have reported the highest ion conductivity at 

800oC is about 5.6 × 10-2- S/cm and activation energy is 0.83 eV for 

𝐶𝐶𝐶𝐶0.65𝑆𝑆𝑆𝑆0.2𝐵𝐵𝐵𝐵0.15𝑂𝑂1.825  sample, which is due to the increasing Bi-content            

(for x ≤ 0.15) and attribute to the rise of oxygen vacancies as well as unit cell 

volume. These results promote this sample as a promising electrolyte for the 

intermediate temperature SOFC’s application. R. V. Mangalaraja et al. [80] have 

reported nanocrystalline 𝐶𝐶𝐶𝐶0.9𝑆𝑆𝑆𝑆0.1𝑂𝑂1.95 prepares by citrate gel combustion 

technique. The electrical conductivity for the Sm-doped CeO2 sample has been 

found to be the order of 10-2 S/cm at 600 oC and activation energy is about 0.84 eV 

in the temperature range of 100-650 oC. M. Pilar lobera et al. [81] have reported 

that RE-doped CeO2 catalysts for ODHE reaction in a catalytic modified MIEC 

membrane based on the system 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐿𝐿𝐿𝐿𝑥𝑥𝑂𝑂2−𝛿𝛿  (x = 0.1 or 0.2, Ln = Tb, Pr, Er, Gd 

and Tb+Er) including the effect of cobalt in 𝐶𝐶𝐶𝐶0.8𝑇𝑇𝑇𝑇0.2𝑂𝑂2−𝛿𝛿 . Ln-doped CeO2 
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materials (𝐶𝐶𝐶𝐶1−𝑥𝑥𝐿𝐿𝐿𝐿𝑥𝑥𝑂𝑂2−𝛿𝛿) have combination of high oxygen ion mobility, redox 

catalytic properties and stability in reducing, wet and CO2 rich atmosphere at high 

temperature. XRD pattern of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐿𝐿𝐿𝐿𝑥𝑥𝑂𝑂2−𝛿𝛿  sintered at 1573K has shown that all 

powder samples have single cubic fluorite structure. The pattern indicates that the 

lanthanides has been incorporated in the lattice of CeO2 and 𝐶𝐶𝐶𝐶0.8𝑇𝑇𝑇𝑇0.2𝑂𝑂2−𝛿𝛿 +

CO2% shows the sharper and more intense diffraction peaks, which indicate greater 

grain size. The modification of the MIEC membrane allowed to increase the oxygen 

permeation flux when using both Argon and methane as sweep gas in the permeate 

side. B. C. H. Steele et al. [82] have reported the comparative study of the ionic 

conductivity of CGO10, CGO20, 𝐶𝐶𝐶𝐶0.9𝑆𝑆𝑆𝑆0.1𝑂𝑂2−𝛿𝛿   and 𝐶𝐶𝐶𝐶0.9𝑌𝑌0.1𝑂𝑂2−𝛿𝛿  at three different 

temperatures 500oC, 600oC and 700oC and they have observed that at 500oC CGO10 

yields the highest ionic conductivity and at 600oC and 700oC temperature, 

𝐶𝐶𝐶𝐶0.9𝑌𝑌0.1𝑂𝑂2−𝛿𝛿   samples shows higher conductivity. 

 
1.8.  Motivation of the proposed work 
 In above mentioned reports of various researchers we can observe that the 

CeO2 lattice is reported to show diamagnetic behaviour when it is in bulk 

polycrystalline state. However, when this lattice is doped with TM (3d cation) or 

rare earth impurities it is observed with room temperature ferromagnetic properties 

due to creation of defects and oxygen vacancies induced in the lattice of CeO2. The 

confirmation of these defects and oxygen vacancies has been discussed by many 

researchers on the basis of their Raman spectra, electronic structure studies and 

many other methods. One more point to report is that with few elements doping up 

to a certain percentage of doping the magnetic properties is attributed towards 

ferromagnetism but with certain doping it is showing super paramagnetism or other 

magnetic properties. Hence, we can conclude that the room temperature 

ferromagnetic properties in the CeO2 lattice appeared to be intrinsic and to establish 

this fact a lot of research work on the doped CeO2 is required. Still a lot of work is 

lacking to have a correlation between structural, optical, electrical and magnetic 

properties of these samples and hence we decided to undertake this work in the 

present thesis with TM and RE impurities in the CeO2 lattice to study all properties 

along with its use for various applications. 
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CHAPTER 2 
EXPERIMENTAL TECHNIQUES 

 
2.1. Introduction 

 Various methods are available for the preparation of the nanomaterials. 

Every method has its own advantage and disadvantage; therefore few methods are 

adopted for the synthesis of the nanomaterials, which are perfect in nature. 

Therefore, it is essentially required a proper caring and tuning of the parameters to 

get high quality materials, which possesses strong potential for diverse applications. 

Suitable characterization techniques are helpful to identify the properties and the 

nature of the material perfectly. Among all the characterization techniques, some of 

them are qualitative, which provide the image of the surface of the nanomaterials 

and some of others are quantitative that gives enhanced insight into the relative 

concentration of all the atoms that comprise the nanomaterials. At last, appropriate 

characterization technique is very essential to understand the complete picture of the 

nanomaterials, which helps the researcher to find out the exact field of its 

application. The characterization of a nanomaterial is totally depended on the 

physical conditions or environment, method of preparation and pre-treatment 

conditions. One can tune the chemical, mechanical and electrical properties of the 

nanomaterials for any particular application, but for making a correlation between 

the properties of the material and its application, appropriate characterization 

techniques are necessarily required. Several techniques are available for the 

characterization of the nanomaterials with the specific properties and applications 

but main aim of these techniques are to determine the crystal structure, identification 

the defects in the structure, phase, crystalline or grain size, shape and composition 

etc. Generally, the spectroscopy is widely used for the better understanding of the 

molecular structure, composition and vibrational frequencies of the nanomaterials, 

which is also used for the qualitative and quantitative determination of the impurity 

in the system. The electronic structure spectroscopy and optical microscopy are the 

widely used characterization techniques, which are available for the analysis of the 

solid nanomaterials and provide essential information about the nanomaterials. This 

chapter includes the preparation technique used for synthesizing the pure and doped 
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CeO2 NPs and analysis techniques, which has been used to gather the information 

from the prepared NPs. 

 
2.2. Preparation Techniques 

 As mentioned in the chapter 1 about the synthesis process for NPs that has 

been divided into two categories i.e. “Top-Down” and “Bottom-Up”.    

 
 Top-down method is usually started from patterns generated at large scale 

i.e. from bulk pieces of material and then step-by-step they are reduced to nanoscale. 

This method is based on the miniaturization technique such as machining, 

templating or lithographic technique. The top-down method includes some 

preparation techniques such as ion beam technique, laser ablation method, inert gas 

condensation method, lithography and sputtering method. The main disadvantage of 

this method are included the low surface area, the highly poly-disperse size 

distribution and partially amorphous state of the as-prepared nanopowder sample. 

Besides of that, the bottom-up method includes the miniaturization of material (up to 

atomic level) with further self assembly process leading to the formation of the 

nanostructures. This method uses the chemical or physical forces, which are 

operating at the nanoscale to assemble the basic units into the large structure. The 

main advantage of this method is that, it displays a wide variety of preparation 

methods such as hydrothermal method, solvothermal method, ionothermal method, 

combustion method, co-precipitation method, microwave assisted technique, sol-gel 

method and chemical vapour deposition (CVD) method etc. [83]. These methods are 

allowed a good control onto scale dimension even at atomic or molecular level and 

they are not as expensive as top-down methods. However, co-precipitation method is 

very simple, facile and rapid synthesizing method under inert/ambient conditions, 

which can easily, controlled the particle size, composition of the nanomaterials, 

modify the particle state and maintain the homogeneity of the solution. This method 

is briefly outlined in the following section.  

 
2.2.1. Co-precipitation Method 

 Co-precipitation method involves the formation of a precipitate when a solid 

is formed during the chemical reaction or diffusion process. It requires the metal 
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cation of various salts such as hydroxides, carbonates, citrates and oxalates, which 

are co-precipitated under a fine controlled environment of pH by using NaOH or 

NH4OH solutions, and then subsequently calcined at appropriate temperature to 

yield the final oxide NPs in powder form. This method can control the various 

parameters such as pH of the solution, concentration of the solution, temperature and 

stirring speed of the mixture, which are in order to obtain the final product with 

required properties. The particle size of the oxide nanoparticles is strongly depended 

on the pH of the precipitate and molarity of the starting precursors. The various steps 

are involved in the co-precipitation method, which are represented as a flow chart 

shown in Figure 2.1. 

 

 
Figure 2.1: Flow chart describing the various steps involved in the                   

co-precipitation method. 

 
 In this process, the high purity chemicals such as 𝐶𝐶𝐶𝐶(𝑁𝑁𝑂𝑂3)3 ∙ 6𝐻𝐻2𝑂𝑂 

(99.99%) and 𝐹𝐹𝐶𝐶(𝑁𝑁𝑂𝑂3)3 ∙ 9𝐻𝐻2𝑂𝑂 (99.9%) powder from Alpha Aesar has been used 

as starting precursor, for synthesizing Fe-doped CeO2 NPs. Firstly, these chemicals 
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carefully weighs according to their stichometery ratio by using Percisa XB 220A 

balance with 0.0001 gm accuracy, as shown in Figure 2.2. After weighing the 

chemicals, an appropriate amount of 𝐶𝐶𝐶𝐶(𝑁𝑁𝑂𝑂3)3 ∙ 6𝐻𝐻2𝑂𝑂 and 𝐹𝐹𝐶𝐶(𝑁𝑁𝑂𝑂3)3 ∙ 9𝐻𝐻2𝑂𝑂 

chemicals were dissolved in 100 mL of distilled water under stirring at room 

temperature for 1 hour and both solutions were prepared separately. 

 

 
Figure 2.2: Weighing Machine 

 
 Then these solutions were mixed during continuously stirring, an aqueous 

solution of 25% NH4OH was added drop wise into this mixture under constant 

stirring until the pH of the solution reached to 10. During adding of NH4OH 

sloution, precipitation was start. Then, the final solution was stirred for 4 hours at 

room temperature, so that homogeneity can be maintained. After that, the 

synthesized precipitate were filltered and wased with distilled water several times. 

The filtered precipitate were dried at room temperature and then obtained samples 

grined to make fine powder using agate mortar and pestle. In order to carry out heat 

treatment (annealing) high themperature Microprocessor controlled Muffle Furnace 



Chapter 2: Experimental Techniques 

29 

has been used as shown in Figure 2.3. this furnace has maximum range upto 1500oC. 

So that all samples is annealied at 500oC for 8 hours in the furnace.   

 

 
Figure 2.3: Microprocessor Controlled Muffle Furnace 

 
 The pellets of the annealed powder has been made using hydraullic press unit 

(Athena technology Model ATHP-15), as shown in Figure 2.4. 

 

 
Figure 2.4: Hydraulic Press Unit 
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 The pellets has dimoension of 12 mm diaeter and thickness 1 mm. The 

hydraulic press unit has maximum pressure of 15 tonn that has been used for 

uniaxial pressing of annealied powder. These pellets has been used during 

charaterization of the samples for detection the electronic structure and electrical 

properties by using XPS and I-V characteristics, respectively.  

 
 The synthiszation process for Sm and Gd-doped CeO2 NPs samples will be 

discussed in the chapter 3 and 4, respectively. Now, the next section includes the 

brief description of the theory and various characterization techniques that has been 

used in this study.  

 
2.3. Characterization Techniques 

 This part of the chapter deals with the description of the various 

experimental techniques used in the course of the study. These techniques include 

X-ray Diffraction (XRD), Transmission Electron Microscopy (TEM), High-

Resolution Transmission Electron Microscopy (HRTEM), Selected Area (Electron) 

Diffraction (SAED), Energy Dispersive X-ray Spectroscopy (EDX), Ultraviolet-

Visible-Near Infrared (UV-Vis-NIR) Spectroscopy, Surface-Enhanced Raman 

Spectroscopy (SERS), X-ray Photoelectron Spectroscopy (XPS), Superconducting 

Quantum Interference Device-Vibrating Sample Magnetometer (SQUID-VSM) and 

Keithley 2400 Electrometer. The XRD, TEM, HRTEM, SAED and EDX analysis 

are the common methods used to interpret the structure and the morphology of the 

nanomaterials. XPS measurements have been carried out for the advance study of 

electronic structure of the nanomaterials. The magnetic and electrical properties of 

the prepared nanomaterials samples have been studied using MPMS-3 SQUID-VSM 

magnetometer and Keithley 2400 electrometer, respectively.   

 
2.4. X-ray Diffraction (XRD) 

 XRD is a powerful technique for determining the structure of the crystal, as 

well as it provides the idea regarding the crystallinity, crystalline or grain size, 

lattice parameter, lattice spacing, phase composition and lattice defects. This method 

is classified into two main techniques such as spectroscopic and photographic. The 

spectroscopic technique is the most widely used diffraction method, which is also 
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known as X-ray powder diffractometer. Besides of that, the photographic technique 

is not so common technique, it is used to determine the unknown crystal structure 

[84]. In XRD, the monochromatic X-ray beam is applied onto the crystalline 

nanomaterials that interact with the structural planes of the lattice and produce 

diffraction in which lattice points of each plane act as a slit. The diffraction 

phenomenon occurs when the X-ray beam is interacted with a regular structure, 

whose repeated distance is about same as the wavelength of X-ray. Since, the 

wavelength of the X-rays is comparable to the size of the atoms; therefore they are 

suitable for probing the structural arrangement of atoms and molecules in the 

nanomaterials.  

 
 Basically, XRD is a non-destructive technique, which is used to determine 

the arrangement of atoms within a crystal structure. X-ray beam strikes a crystal and 

diffract into many specific directions, which strikes to an electron and produces 

secondary spherical waves emanating from an electron. These regular array of 

electrons can be produced a regular array of spherical waver. These waves are added 

in few directions through constructive interference and cancel out each other in other 

directions through destructive interference. When the path difference between two 

diffracted rays differs by an integral number of used wavelengths then constructive 

interference takes place between the scattered rays. This condition is to be satisfied 

by Bragg’s equation, called as “Bragg’s law”, which is given as: 

𝟐𝟐𝟐𝟐 𝐬𝐬𝐬𝐬𝐬𝐬𝜽𝜽 = 𝒏𝒏𝒏𝒏                                                           (𝟐𝟐.𝟏𝟏)  

 
 Where, λ is the wavelength of the X-ray, n is the integer, d is the interplanar 

distance, θ is the angle between incident beam and lattice planes. The diffraction 

peak is observed only due to constructive interference of X-rays scattered from the 

atomic plane of the given crystal. According to Bragg’s law, for a given set of 

parallel plane of a crystal, the diffraction will be maxima only in the direction for 

which the angle will satisfy the Bragg’s law. The diffraction patterns provide the 

information about the phase purity, crystallinity and cell parameters [85]. When     

X-ray beam, having a wavelength λ that is similar to the order of the inter-atomic 

distance d incident on a crystalline material with an angle θ, the incident X-ray 

interacts with the periodic atomic structure, causing elastic scattering of the X-ray. 
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The scattered X-ray beam is reflected from the atomic planes and constructive 

interference produces the diffraction patterns on detector (as shown in Figure 2.5 

and 2.6). 

 

 
Figure 2.5: A schematic representation of X-ray diffractometer [86] 

 

 
Figure 2.6: A schematic representation of diffraction of X-ray by 

crystallographic plane (Bragg’s Law) [86] 
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 In the present work, XRD patterns of all NPs samples were collected with 

the Brucker D8 Advance X-ray diffractometer using monochromatic Cu Kα radiation 

(λ = 1.5406 Å) (as shown in Figure 2.7 and 2.8). To perform an XRD measurments, 

the powder sample kept onto a sample holder. After that, the sample holder was 

placed in the measurning chamber of the X-ray diffractormeter. The source of X-ray 

was fixed, the sample holder rotate aboout its own axis and the dectector moved 

with the sample holder. The XRD patterns of all the samples were recorded at room 

temperature in the 2θ range from 10o to 90o with scanning speed 0.05o min-1 and the 

counting time of 5 sec/step.  

 

 
Figure 2.7: Photograph of Brucker D8 Advance X-ray diffractometer 

 
 XRD is also used to determine the crystallite size according to the Debye 

Scherre’s equation, which is shown as [87] 

𝑫𝑫 =  
𝒌𝒌𝒏𝒏

𝜷𝜷 𝐜𝐜𝐜𝐜𝐬𝐬𝜽𝜽
                                                                  (𝟐𝟐.𝟐𝟐) 
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 Where, k is the particle shape factor (0.9), λ is the X-ray wavelength of      

Cu Kα radiation (1.5406 Å), β is the full width at half maxima (FWHM) of the 

diffraction peaks. This is calculated by 𝛽𝛽 = �(𝛽𝛽𝑆𝑆
2 − 𝛽𝛽𝐵𝐵

2), here βm and βi are the 

measured and instrumental broadening (in radian), respectively and θ is the Bragg’s 

diffraction angle of the peak in degree. The lattice parameter of all the samples is 

calculated by the following formula [88]: 

 𝒂𝒂 = 𝟐𝟐 (𝒉𝒉𝟐𝟐 + 𝒌𝒌𝟐𝟐 + 𝒍𝒍𝟐𝟐)𝟏𝟏 𝟐𝟐⁄                                                   (𝟐𝟐.𝟑𝟑) 

 
 Where ‘a’ refers to the lattice parameter, d is the crystalline lattice spacing  

(d = λ/2Sinθ) and h, k, l, are the miller indices of crystal. The phase of the 

corresponding plane can be identified by comparing it with the reference spectra 

from JCPDS card number. 

 

 
Figure 2.8: Photograph of the measurning chamber of the X-ray diffractormeter 

 
 The collected data were also analyzed using FullProf suite software based 

Rietveld refinement, which is described in the next section. 
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2.4.1. Rietveld Refinement analysis 

 H. Rietveld developed a technique for characterization of crystalline solid 

materials, known as Rietveld Refinement [89]. It is an extremely powerful method 

for analyzing all types of crystalline materials. This method is used least square 

approach to refine a theoretical line profile until it matches the measured profile. 

This method has a significant step in the diffraction analysis of the powder samples. 

The six factors affecting the intensities of the diffraction lines on a powder patterns, 

such as, polarization factor, structure factor, multiplicity factor, Lorentz factor, 

absorption factor and last is temperature factor. This technique makes use of the fact 

that the peak shape i.e. variations of their FWHM of the Bragg reflections can be 

described analytically with the scattering angle 2θ.  

 
 The parameters in the Rietveld refinement method is mainly classified into 

three types; peak shape function, profile parameters and structural or atomic 

parameters. The peak shapes function is observed both the sample (i.e. domain size, 

stress/strain, defects) and the instrument (i.e. radiation source, geometry, slit size), as 

well as they vary as a function of 2θ. The profile parameter includes the lattice 

parameters as well as shapes and width of the Bragg’s peaks (i.e. change in the 

FWHM, peak asymmetry as a function of 2θ, unit cell parameters and 2θ 

correction). Usually, peak widths are smooth functions of scattering angle 2θ and it 

uses only five parameters, called as u, v, w, x and y that describe the shape of all 

peaks in the powder patterns. The structural parameter describes the underlying 

atomic model that includes the position, types and occupancies of the atoms in the 

structural model and isotropic or anisotropic thermal parameters. The changes in the 

positional parameters causes change in the structure factor magnitude and therefore 

in the relative peak intensities, while atomic displacement parameters have the effect 

of emphasizing the high angle region or de-emphasizing it. The scale of occupancy 

parameters and the thermal parameters are extremely correlated with one another 

and they are more sensitive to the background correction then the positional 

parameters [90].  
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 After getting the structure and suitable starting model, the Rietveld method is 

allowed the least-squares refinement (i.e. chi-square χ2 minimization) of an atomic 

model (i.e. crystal structure parameters) combined with an appropriate peak shape 

function. With the complete structural model and suitable starting values of the 

background contribution (i.e. unit cell parameters and the profile parameters), the 

Rietveld refinement of structural parameters can be began. The refinement of 

structure with average complexity can require hundred cycles, whereas, the structure 

with high complexity may be easily required several hundred cycles. One can easily 

see the progress of refinement from the resultant profile fit and the value of the 

reliability factor or R-value. All the structural and profile parameters should be 

refined simultaneously for obtaining correct estimated standard deviation, that can 

be given numerically in terms of R-value [91]. 

 
The weighted R value, Rwp is defined as [92]: 

 𝑹𝑹𝒘𝒘𝒘𝒘 = 𝟏𝟏𝟏𝟏𝟏𝟏 �
∑ 𝒘𝒘𝒊𝒊 �𝒚𝒚𝒊𝒊 − 𝒚𝒚𝒄𝒄,𝒊𝒊�

𝟐𝟐
𝒊𝒊=𝟏𝟏,𝒏𝒏

∑ 𝒘𝒘𝒊𝒊𝒚𝒚𝒊𝒊𝟐𝟐𝒊𝒊=𝟏𝟏,𝒏𝒏
�

𝟏𝟏/𝟐𝟐

                                   (𝟐𝟐.𝟒𝟒) 

 Ideally, the final Rwp value should approach the statistically expected R value 

i.e. Rexp, 

 𝑹𝑹𝟐𝟐𝒆𝒆𝒘𝒘 = 𝟏𝟏𝟏𝟏𝟏𝟏 �
𝒏𝒏 − 𝒘𝒘

∑ 𝒘𝒘𝒊𝒊𝒚𝒚𝒊𝒊𝟐𝟐𝒊𝒊=𝟏𝟏,𝒏𝒏
�
𝟏𝟏 𝟐𝟐⁄

                                        (𝟐𝟐.𝟓𝟓) 

  
 Where, n is the difference value of the total number of points in the pattern 

and the total number of excluded points, p is the number of refined parameters.       

N = n-p is called, the number of degree of freedom or number of observations. Thus, 

the ratio between the two (goodness of fit) is given as, 

𝝌𝝌𝒗𝒗𝟐𝟐 = �
𝑹𝑹𝒘𝒘𝒘𝒘
𝑹𝑹𝟐𝟐𝒆𝒆𝒘𝒘

�
𝟐𝟐

= 𝒔𝒔𝟐𝟐                                                (𝟐𝟐.𝟔𝟔) 

 
 R-value is observed and calculated structure factors (Fhkl) that can also be 

calculated by distributing the intensities of the overlapping reflections according to 

the structural model, which is given as, 

𝑹𝑹𝑭𝑭 = 𝟏𝟏𝟏𝟏𝟏𝟏
∑ �′𝑭𝑭𝒐𝒐𝒐𝒐𝒔𝒔,𝒌𝒌′− 𝑭𝑭𝒄𝒄𝒂𝒂𝒍𝒍𝒄𝒄,𝒉𝒉�𝒉𝒉

∑ �′𝑭𝑭𝒐𝒐𝒐𝒐𝒔𝒔,𝒉𝒉′�𝒉𝒉
                                     (𝟐𝟐.𝟕𝟕) 
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Similarly, the Bragg’s intensity R-value is given as, 

𝑹𝑹𝑩𝑩 = 𝟏𝟏𝟏𝟏𝟏𝟏
∑ �′𝑰𝑰𝒐𝒐𝒐𝒐𝒔𝒔,𝒉𝒉′− 𝑰𝑰𝒄𝒄𝒂𝒂𝒍𝒍𝒄𝒄,𝒉𝒉�𝒉𝒉

∑ �′𝑰𝑰𝒐𝒐𝒐𝒐𝒔𝒔,𝒉𝒉′�𝒉𝒉
                                     (𝟐𝟐.𝟖𝟖) 

 
 Since, R-values are useful for the evaluation of Rietveld refinement, 

basically in the case of small improvements of the model, but they should not be 

over interpreted. The most important criteria of fitting quality on the experimental 

data of Rietveld refinement is confirmed by following parameters [90, 91, 93]. 

(a) The goodness of fit (χ2) should be 1 or less than 1.3 

(b) The Durbin-Watson statistics (d) must be 2.00 or very close to 2.00 in the 

early stage if refinement  

(c) The Weighted-profile R value and Rwp, for the XRD data should be ~10% 

 
 Two input files are essentially required for performing the calculations using 

Rietveld refinement method. The first file is DAT file that contains the collected 

experimental XRD data of the corresponding samples. The second file is PCR file 

that contains the crystal data i.e. space groups, unit cell parameters, atomic positions, 

occupation numbers, overall scale parameters, etc., and also the experimental data 

such as wavelength, half-width parameters, preferred orientation parameters, 

minimum and maximum angles of collection, profile function, etc. 

 
 Finally, Rietveld refinement is an adjustment process of the parameters until 

the residual get minimize in some sense and the best fit of the all calculated pattern 

to the entire observed patterns is obtained.  

 
2.4.2. Information from XRD 

 XRD is a non-destructive technique, which is used for determining the 

atomic and molecular structure of a crystal. It can identify the crystalline phase and 

orientation of the nanocrystalline sample. This technique provides the information 

about the lattice parameters, strain, grain/particle size, expitaxy, dislocation density 

and phase composition.  
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2.5.  Transmission Electron Microscopy (TEM)  

 TEM is a technique used for high-resolution imaging of thin film of solid 

samples for structural and compositional analysis. It is very useful tool for the 

characterization of the nano-sized particles. Since, XRD can provide information 

about particle size of the crystallites from the peak broadening information while 

TEM is useful for the visualization of the nano-sized particle and morphology. 

Furthermore, TEM studies provide significant information about the particle size 

distribution.  

 
 According to the working principle of TEM, the beam of electrons emitted 

from the electron gun is focused to get the fine energetic beam by the use of the 

condenser lens. This lens is restricted by the condenser aperture to eliminate the high 

angle electrons. Basically, the group of electromagnetic lenses are used to focus the 

beam and resolve the images. These electromagnetic lenses produce the intense 

magnetic film, which acts as a thin convex lens for the electron beam. The electron 

beam is transmitted when it strikes the surface of the sample. This transmission is 

totally depending on the thickness and the electron transparency of the sample. Now, 

the transmitted electrons are focused by the objective lens create an image on 

charger coupled device (CCD). When, the sample is very thin then the transmitted 

electrons through the sample are detected and the internal structure image of the 

crystal is formed (as shown in Figure 2.9). The image can be studied directly by the 

photographed with a camera [94].  

 
 The topographic information obtained by TEM images can also be utilized 

for structural characterization and identification of various forms of nanomaterials, 

such as hexagonal, cubic crystal structure etc. The limitation of TEM is that, the 

forward electron scattering information on TEM originates from the three 

dimensional image which is then projected on a two dimensional detector. So that, 

the structural information along with the electron beam direction is superimposed at 

the image plane [95].  
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 A very important advantage of TEM is that, it has an excellent horizontal 

resolution. The resolution of TEM depends on the wavelength of the radiation 

employed. If the wavelength of the radiation is smaller than the resolution is greater. 

In TEM, the wavelength of the incident radiation (i.e. a beam of electrons) is given 

as [96]: 

𝒏𝒏 (𝒏𝒏𝒏𝒏) = �𝟏𝟏.𝟓𝟓
𝑽𝑽

                                                          (𝟐𝟐.𝟗𝟗) 

 
 Here, V (in volts) is the voltage applied to accelerate the electrons. The 

interaction occurs between the incident beam of electrons and the sample is not only 

on the surface but also in a certain volume of the sample. This volume is also 

depending on the accelerating potential and average atomic number of the sample. 

The volume of sample is greater at greater acceleration potentials but it is smaller at 

the larger average atomic number of the sample. 

 
 HRTEM is also refers to imaging, in which lattice fringes                          

(i.e. crystallographic planes) are observed and atomic resolution can be achieved. In 

HRTEM, the indirect heating and field emission methods are used instead of thermal 

emission that is generally used in the conventional TEM, because they gives a 

greater intensity. HRTEM images are formed from a number of diffracted beams, 

which are also known as phase contrast imaging and useful to construct an image of 

crystal lattice. However, the contrast images are arising from the interference in the 

image plane of the electron wave with itself and the phase of an electron wave that 

carries the information about the sample. This makes compulsory of preparing thin 

sample, so that the amplitude variation slightly affect the image. 

 
 Form the analysis of HRTEM images; one can obtain information about the 

crystalline and structural defects, interfaces at atomic scale, useful information on 

grain sizes, orientation of crystal structure and size of nanostructures. [97].  
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Figure 2.9: A schematic diagram of TEM 

 
 SAED is another experimental technique that is also performed using TEM. 

Electron diffraction of the sample in a selected area is recorded by inserting an 

aperture into the incident electron beam path. Selected area aperture is a thin strip of 

metal, which can block the beam. It contains different sized holes to allow passage 

of electron beams. The selected area aperture is moved in a manner to select a 

particular area in the sample, that’s why it is called as ‘selected area’, and only this 

portion interact with the electrons. However, the wavelength of the incident high 

energy electron beam (about few thousand nanometers) is about 100 times smaller 

than the spacing between the atoms in the solid, so that the atoms act as a diffraction 

grating to the electrons and diffracted it to a particular angle. The obtained SAED 

pattern is just similar to the XRD; only difference is that it’s unique in a particular 

area of the sample and used to analyze the phase purity, structure of nanostructures 

etc. 
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Figure 2.10: A schematics representation of various processes associated with 

the interaction between the electrons and the sample, which forms a basis for 

different analysis methods 

 
 For single crystal samples, SAED pattern consists of dots, whereas in case of 

polycrystalline or amorphous solids, it consist series of solid rings. SAED patterns 

can also be used to analyze the information about the space group of a single crystal 

[98].   

 
 In the present work, the particle size, surface morphology, diffraction rings 

and patterns, and the crystallinity of the pure CeO2 and doped (Fe, Sm and Gd) CeO2 

NPs samples have been examined using TEM with TECNAI G2 20 S-TWIN (FEI 

Netherlands) instrument operated at an accelerating voltage of 200 kV, having a 

point resolution of 0.24 nm and a lattice or line resolution of 0.14 nm (as shown in 

Figure 2.11). Samples for the TEM investigation were prepared by dispersing the 

nanopowder in ethanol using an ultrasonicator to produce a dilute suspension. A 

standard holey carbon film supported on Cu grid was immersed in the suspension to 

produce the TEM sample. The particle size distribution was measured for a total 150 

particles using image-j software of TEM images.  
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Figure 2.11: Photograph of TECNAI G2 20 S-TWIN (FEI Neitherlands) TEM 

instrument from IIT Roorkee 

 
2.5.1. Information from TEM 

 TEM is a powerful technique used to provide the crystallographic 

information about the crystal structure, dislocations, compositional information, 

defects, grain boundaries and growth of layers in the semiconducting materials. The 

high resolution can be used to analyze the quality, shape, size and arrangement of 

particles on scale of atomic diameters. SAED patterns can obtain the structural 

information of the sample, such as, crystalline symmetry, unit cell parameters and 

space group.  
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2.6.  Energy-Dispersive X-ray Spectroscopy (EDX) 

 EDX is an analytical technique used for compositional analysis and for the 

quantitative analysis of various elements present in the sample. The set up of EDX 

consist of four main components, these are (1) beam source, (2) X-ray detector, (3) 

pulse processor and (4) analyzer. 

 
 When a beam of high-energy electrons are allowed to fall on the sample, the 

atoms within the sample gets this high energy, due to it the electrons in the inner 

shell of the atom may get excited and could be ejected from the shell. Thus, 

electron-hole pairs are formed in the inner shell of the atom, which is filled by the 

electron from the outer hole. The energy difference between the higher energy shell 

and low energy shell is transmitted in the form of X-ray. As this emitted energy is 

the characteristic of the atomic structure of the element, so that these X-rays are used 

for identifying the elements. Moreover, the quantitative estimation of various 

elements present in the sample is calculated by measuring the total number of 

emitted X-rays of that particular element. The number and energy of the emitted    

X-rays are measured by the EDX detector. This detector is used to convert the X-ray 

into voltage signal according to the energy and pass it to the analyzer for analysis 

that produces the elemental image. Generally, EDX system is equipped with SEM or 

FESEM and sometimes with TEM.   

  

 
Figure 2.12: Photograph of TESCAN MIRA 3 FESEM instrument equipped 

with EDX 
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 In the present work, the elemental analysis of pure CeO2 and Sm-doped 

CeO2 NPs were probed using TESCAN MIRA 3 FESEM instrument equipped with 

EDX system at Banasthali Vidhyapith, Newai, Jaipur, India (as shown in Figure 

2.12). 

 
2.6.1. Information from EDX 
 EDX is a non-destructive characterization technique that can be used for 

identifying the chemical composition and quantifying the elemental composition in a 

very small sample of material. 

 
2.7. Ultraviolet-Visible-Near Infrared (UV-Vis-NIR) Spectroscopy  
 UV-Vis-NIR spectroscopy is an important experimental technique, which is 

involving the measurements of the absorption of the UV and visible light by a 

sample. The instrument used in the measurements of absorption of UV-Vis-NIR 

spectroscopy is called as UV-Vis-NIR spectrophotometer. This spectrophotometer 

provides a way for analyzing the liquids, gases and solids through the use of radiant 

energy in the far and near ultraviolet, visible and near infrared regions of an 

electromagnetic spectrum. According to the electromagnetic radiation, the 

wavelengths for ultraviolet (UV), visible (Vis), and near infrared (NIR) radiations 

are in the range of 300 to 400 nm, 400 to 765 nm, and 765 to 3200 nm, respectively. 

 
 The UV-Vis-NIR instrument operates by passing a beam of light through a 

sample and measure wavelength of light reaching the detector. The measured 

wavelength of the sample gives the valuable information about the chemical 

structure and intensity that is related to the number of the molecules and 

concentration. The analytical information of a sample can be given in terms of 

transmittance, absorbance or reflectance of the energy in the wavelength range 160 

to 3500 mill microns [99]. The ultraviolet and visible spectrum originates from the 

electronic excitations. It is well known that light is quantized into tiny packets called 

photons, the energy of which can be transferred to an electron upon collision. 

However, the transfer of energy occurs only when the energy level of the photon 

equals the energy required for an electron to get promoted onto the next energy state 

i.e. from ground state to the first excitation state. This is the basis process for 

absorption spectroscopy. Normally, light of a certain wavelength and energy is 
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illuminated on the sample that absorbs a certain amount of energy from the incident 

light. The amount of energy of the light transmitted from the sample is measured by 

using a photo detector, which collects the absorbance of the sample. The absorption 

of UV and visible light by the molecules of the sample leads to the transition among 

the electronic energy levels of the molecules. The amount of light absorbed or 

transmitted from the matter as a function of wavelength is graphically represented as 

a form of spectrum. The absorbance is calculated by using Beer-Lambert’s law. This 

law is the relation between absorbance and concentration of an absorbing material, 

which is given as: 

𝑨𝑨 = 𝒂𝒂(𝒏𝒏) 𝒄𝒄 𝒍𝒍                                                   (𝟐𝟐.𝟏𝟏𝟏𝟏) 

 Where, A is the measured absorbance, a(λ) is a wavelength-dependent 

absorptive coefficient, l is the path length through the cuvette in cm, and c is the 

molar concentration (mol/L). 

 
When concentration unit is in molarity, then the Beer-Lambert law given as: 

𝑨𝑨 = 𝜺𝜺 𝒄𝒄 𝒍𝒍                                                       (𝟐𝟐.𝟏𝟏𝟏𝟏) 

 Where, ɛ is the wavelength-dependent molar absorptive coefficient (M-1cm-1). 

When a light with intensity Io is directed at a material and light with intensity I is 

transmitted, then the value I/Io is called transmittance (T) and the value (I/Io)*100 is 

called transmission rate (T%). The value log (1/T) = log (Io/I) is called absorbance 

(A). Now, Beer-Lambert’s law can be written as: 

𝑨𝑨 = 𝐥𝐥𝐜𝐜𝐥𝐥
𝟏𝟏
𝑻𝑻

= 𝐥𝐥𝐜𝐜𝐥𝐥
𝑰𝑰𝒐𝒐
𝑰𝑰

= −𝜺𝜺 𝒄𝒄 𝒍𝒍                                  (𝟐𝟐.𝟏𝟏𝟐𝟐) 

 
 Figure 2.13 shows a schematic representation of UV-Vis-NIR 

spectrophotometer, which consist of a number of fundamental components, such as 

light source (UV and Vis), monochromator (wavelength selector), sample holder, 

detector, signal processor. The light radiation source used is a tungsten filament, a 

deuterium arc lamp which is continuous over the ultraviolet region, and light 

emitting diodes (LED) and xenon arc lamps for the visible wavelengths. The 

detector is a photodiode or a CCD. Photodiodes are used with monochromator that 

filters the light of a single wavelength reaches the detector. During the 

measurements of absorbance at UV spectrum, the other lamp has to be switched off, 

that same goes on when measuring visible light absorbance. As shows in  
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Figure 2.13, from monochromator light source, the light splits into two equal 

intensity beams by a half mirrored device before it reaches the sample. One beam 

(i.e. sample beam) passes through a small container (cuvette) containing the sample, 

either in a transparent solvent or mixed with the standard powder chemical. The 

other beam (i.e. reference beam) passes through an identical cuvette containing only 

either solvent or standard powder chemical. The container for the sample and the 

reference solution must be transparent to the radiation which will be passed through 

them. The quartz cuvettes are essentially required for UV-Vis-NIR region. The light 

sensitive detector follows the sample chamber and measure the intensity of light that 

is transmitted from the cuvettes and passes the information to a meter, which records 

and displays the values to the operator on LCD screen. The intensity of the reference 

beam is defined as Io and the intensity of the sample beam is defined as I. The 

intensities of these beams are to be measured by electronic detectors and compared 

[100]. 

 

 
Figure 2.13: A schematic representation of UV-Vis-NIR spectrophotometer 
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 In the present work, the optical absorption spectra of pure CeO2 and doped 

(Fe, Sm and Gd) CeO2 NPs samples were recorded at room temperature using 

Shimadzu UV-3600 Plus UV-Vis-NIR spectrophotometer with an integrating sphere 

(as cuvette). The photograph of Shimadzu UV-3600 Plus spectrophotometer is 

shown in Figure 2.14. The spectrometer operates in the wavelength range of 185 nm 

to 3300 nm with a slit width variation of 0.1 to 30 nm and the maximum resolution 

of 0.1 nm. The spectrophotometer consist three detectors; Photomultiplier Tube 

(PMT) for UV and visible regions, and InGaAs and PbS detectors for the near-

infrared region. The source incorporates a tungsten halogen lamp for wavelengths 

greater than 375 nm and a deuterium discharge lamp for values below that and a 

solenoid operated mirror that automatically deflects light from either one as the 

machine scans through the wavelengths. The optical absorption spectra were 

recorded for the pure and doped (Fe, Sm and Gd) CeO2 NPs samples in the 

wavelength region 200 to 1000 nm with BaSO4 as an internal standard. The peak 

position of the spectrum was obtained using peak-pick facility provided in the 

spectrophotometer. The uncertainty in the measurement was about ±1 nm.  

 

 
Figure 2.14: Photograph of Shimadzu UV-3600 Plus spectrophotometer 

 
2.7.1. Information from UV-Vis-NIR Spectroscopy 

 UV-Vis-NIR spectroscopy is an important technique for studying the optical 

properties of the nanomaterials. It provides the information about the absorbance, 

transmittance, reflectance, band gape energy, refractive index and nature of the 

materials. 
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2.8. Surface-Enhanced Raman Spectroscopy (SERS) 

 One of the straightforward and non-destructive techniques, which requires no 

sample preparation and can be used to identify the wide range of substance like 

solid, liquid and gas, is known as Raman spectroscopy. This technique involves a 

process, in which sample is illuminating with monochromatic light by using a 

spectrometer, to examine the light scattered by the sample. 

 
 Raman spectroscopy is a vibrational spectroscopic technique based on an 

inelastic scattering of the monochromatic light that usually comes from a laser 

source. In inelastic scattering of monochromatic light, the frequency of the photons 

changes upon interaction with the sample. These photons comes from laser light are 

absorbed by the sample and then reemitted. Now, frequency of the reemitted 

photons is shifted up or down in comparison with the original monochromatic 

frequency that is called Raman effects. This frequency shift provides the information 

about the vibrational, rotational and other low frequency transitions in molecules 

[101]. Generally, scattering process involves instantaneous absorption of an incident 

photon and subsequent emission of photon or scattered photon by phonon. On the 

basis of that, three types of scattering are possible (as shown in Figure 2.15).  

 

 
Figure 2.15: Systematic representation of Stokes, Rayleigh and anti-Stokes 

process in Raman scattering 
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 When the emitted photon is elastically scattered with the same frequency as 

the absorbed photon then this process is called as Rayleigh scattering [102]. In 

contrast, Raman scattering involves inelastic scattering of an emitted photon is a 

consequence of the interaction of the optical and vibrational oscillations and its 

probability is small but finite. When the molecules moves to more vibrational 

excited state from the ground electronic states, the photons are emitted with energy 

lesser by the amount equal to the vibrational transition and are called as Stokes 

scattered photons. Whereas, the molecules makes a transition to a less vibrational 

excited state then the emitted photons are called as anti-Stokes scattered photons. 

The anti-Stokes scattering occurs at higher energy in compare to Rayleigh 

scattering, and Stokes scattering has less energy than Rayleigh scattering, whereas, 

both Stokes and anti-Stokes are equally displaced from the Rayleigh line in the 

spectra. Generally, Stokes lines are followed in Raman spectroscopy and anti-Stokes 

scattering is less intense. Since, the vibrational spectrum is unique for each 

molecule, so that the Raman spectra are referred as a chemical fingerprint of the 

scattered molecules. Mathematically, Raman scattering process can be expressed as: 

𝒉𝒉𝒉𝒉 + 𝑬𝑬 = 𝒉𝒉𝒉𝒉′ + 𝑬𝑬′                                                   (𝟐𝟐.𝟏𝟏𝟑𝟑) 

∆𝑬𝑬 = 𝒉𝒉(𝒉𝒉 − 𝒉𝒉′)                                                     (𝟐𝟐.𝟏𝟏𝟒𝟒) 

 Where, 𝜈𝜈 and 𝜈𝜈′ are the incident and scattered frequency, respectively. 

According to the definition, the elastic and inelastic scattering can be given 

classified as, 

i) For Rayleigh scattering, when 𝜈𝜈 = 𝜈𝜈 ′, then ∆𝐸𝐸 = 0 

ii) For Stokes line of Raman scattering, when 𝜈𝜈 > 𝜈𝜈 ′ (i.e. ∆𝜈𝜈 is positive), then 

∆𝐸𝐸 < 0 

iii) For anti-Stokes line of Raman scattering, when 𝜈𝜈 < 𝜈𝜈 ′ (i.e. ∆𝜈𝜈 is negative), 

then ∆𝐸𝐸 > 0 

 
In Raman experiment, the Raman shift (∆𝒏𝒏) is a wave number and it is given as: 

                                 ∆𝒏𝒏 (𝒄𝒄𝒏𝒏−𝟏𝟏) = � 𝟏𝟏
𝒏𝒏𝒐𝒐
− 𝟏𝟏

𝒏𝒏𝟏𝟏
� × 𝟏𝟏𝟏𝟏𝟕𝟕

𝒄𝒄𝒏𝒏
                                     (𝟐𝟐.𝟏𝟏𝟓𝟓) 
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 Where, λo and λ1 is the excitation wavelength and Raman scattered 

wavelength in nm, respectively. When the emitted photon has less energy than the 

absorbed photon, this energy difference is known as Stokes shift. If the emitted 

photon has more energy than the absorbed photon, this energy difference is called as 

anti-Stokes shift. Actually, this extra energy comes from dissipation of thermal 

phonons in a crystal lattice [103]. The Raman shift does not depend upon the 

frequency of the incident light but it is a characteristic of the substance causing 

Raman scattering. 

 
 Although, Raman spectra provide a vibrational fingerprint of a scattered 

molecule and have enough potential applications in different sectors such as physics, 

chemistry and biology. Instead of that its practical applications are limited, because 

it has very low scattering cross section about 10-29 cm2 sr-1. Even if the molecule is 

in Raman active, the intensity of the Raman spectra may not be within the 

measurable count. Hence, in order to explore the benefit of Raman spectroscopy, a 

new method is required to enhance the Raman scattering cross section. SERS is a 

well-known method based on Raman spectroscopy and nanotechnology. SERS is 

surface-sensitive techniques that enhance the Raman scattering by molecules 

adsorbed on the rough metal surface. It has been widely applied for obtaining 

Raman spectra of compounds at low concentration as well as it offers many 

advantages over other spectroscopic techniques such as Fourier transform infrared 

(FTIR) spectroscopy, UV-Vis-NIR spectroscopy, nuclear magnetic resonance, and 

mass spectrometry etc. Some other advantage of SERS includes, it can directly 

extract a significant amount of information from complex environments such as 

living tissues, biological fluids and cells without any need of prior sample 

preparation, and simultaneously it provides molecular fingerprint specificity with 

potential single-molecule sensitivity. SERS also provides the possibility to 

overcome the small scattering cross-section limitation as well as to examine weak 

Raman scattering even at low concentrations. The high sensitivity and enhancement 

mechanism in SERS shows its strong dependence on the size, structure and 

proximity of the nanostructures [104]. Generally, surface enhanced Raman effect is 

explained as the combination of a dominant electromagnetic (EM) enhancement that 

results from Localized Surface Plasmon Resonance (LSPR) and a chemical 

enhancement related to charge transfer between the substrate and surface associated 
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molecules [105]. The main goal of this method is to enhance the weak signal of 

Raman spectra. The enhancement factor can be 1010 to 1011, which means that the 

technique may be detected single molecules. The experimental set up of Raman 

spectrometer consists of four major components: 

1) Excitation source (Laser) 

2) Sample illumination system and light collection optics 

3) Wavelength selector (Filter or Spectrometer) 

4) Detector (Photodiode array, CCD or PMT) 

 
 Figure 2.16 shows the schematic experimental set up of Raman spectrometer. 

In Raman spectrometer, a powder sample is illuminated with the laser beam. The 

light, which is coming from the illuminated spot is collected with a lens and send 

through interference filter or spectrometer for obtaining the Raman spectra of the set 

sample. Due to the elastic Rayleigh scattering the wavelengths close to the laser line 

are filtered out, while the rest of the collected light is discrete onto a detector. By 

changing the laser light one can confirm that the peak is a true Raman peak and it’s 

not a peak associated with the wavelength of the laser light that has been used in the 

experiment. Generally, the spontaneous Raman scattering signal is very weak 

because most of the incident photons undergo elastic Rayleigh scattering. Therefore, 

instruments such as notch filter, tuneable filters, laser stop apertures, double and 

triple spectrometric systems are used for reducing the Rayleigh scattering and obtain 

high quality Raman spectra. Before taking every measurement the scattered light 

would have to be aligned in the spectrometer so that maximum signal would hit the 

detector. This can be achieved by moving the sample to different positions by using 

lens and mirror system. The Raman scattered light is detected by either Photo Diode 

Arrays (PDA) or Charger Coupled Devices (CCD). In between of these detectors, 

CCD has enormously helped for taking data quickly and more preciously. CCD has 

an array of detectors, which can look at a range of wavelength at one time and 

reducing the collection time. Raman shift is related to the vibrational frequencies of 

the molecules in the sample and when it is plotted against their intensities gives the 

spectrum known as Raman spectrum. 



Chapter 2: Experimental Techniques 

52 

 
Figure 2.16: A schematic representation of Raman Spectrometer 

 

 
Figure 2.17: Photograph of Thermo Scientific DXRxi Raman spectrometer 

 
 In the present work, the Raman spectra for pure CeO2 and doped (Fe, Sm and 

Gd) CeO2 NPs samples were recorded at room temperature on Thermo Scientific 

DXRxi Raman Imaging Microscope with Charge Injection device (CID) detector 

using Green Laser (532 nm) for excitating light source with the power of 10 mW. 

The laser spot on the sample was 1 μm in diameter and 100X objective was used to 

focuse the incident laser light. Integration time was taken 10 sec for the samples. 
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The Raman scattering spectra for all samples were measured from 50 to 3300 cm-1 

wavenumber. The photograph of Thermo Scientific DXRxi Raman Imaging 

Microscope is shown in Figure 2.17.  

 
2.8.1. Information from SERS 

 SERS is a surface sensitive technique that enhances Raman scattering by 

molecules absorbed by nanostructures. It provides information about chemical 

structure and phase of material, intrinsic stress/strain, contamination and impurity in 

the nanomaterials samples.   

 
2.9. X-ray Photoelectron Spectroscopy (XPS) 

 XPS is surface-sensitive quantitative spectroscopic technique that measures 

the elemental composition, chemical structure, valence state and electronic state of 

the elements present in the samples. XPS is based on the photoelectric effect, in 

which when a material is irradiated with a beam of high energy photon i.e. X-rays, 

the element present in the material get ionized and emits the electrons i.e. 

photoelectrons. If the energy of the X-ray photon (Ehν) is higher than the binding 

energy of electron (EBE) then the remaining energy will be utilized as the kinetic 

energy (EKE) of the ejected photoelectrons, which is given as: 

𝑬𝑬𝑲𝑲𝑬𝑬 + 𝝓𝝓𝒐𝒐 = 𝑬𝑬𝒉𝒉𝛎𝛎 − 𝑬𝑬𝑩𝑩𝑬𝑬                                                (𝟐𝟐.𝟏𝟏𝟔𝟔) 

 Where, 𝜙𝜙o is the work function. The XPS spectra consist of a plot between 

kinetic energy and number of electron. These numbers of electron with certain 

kinetic energy is directly proportional to the amount of that particular element and 

by measuring the kinetic energy of an electron from XPS spectra; its binding energy 

can be calculated. The binding energy of the ejected photoelectron is characteristic 

of the orbital from which the electrons originates and depends upon the final state 

configuration after photoemission. The initial and final state configuration is shown 

in Figure 2.18. Thus, XPS measurements can be used for quantitative estimation of 

the chemical composition of various elements in the sample. The electrons detected 

by XPS spectra are originated from the depth of the surface of the material i.e.      

10-12 nm, which are escaped to vacuum in the instrument. XPS measurements 

require ultra-high vacuum (UHV) conditions. It is mainly a surface technique and 

useful for the analysis of the surface chemistry of the material.  
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Figure 2.18: A schematic diagram of XPS process 

 

  

 
Figure 2.19: Photograph of ESCA+ Omicron nanotechnology (Oxford 

Instrument, Germany) XPS instrument at MNIT, Jaipur 
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  The binding energy of an emitted photoelectron is not only depending upon 

the energy level of emission but also on the oxidation state of the particular atom 

and surrounding of that atom. The environmental dependent shift in the binding 

energy for that atom in the spectrum is usually referred as chemical shift or core 

level shift. For example, the binding energy of Cu 2p peaks in CuO is totally 

different from the binding energy of Cu 2p peaks of pure Copper. This is because; 

Cu is surrounded by oxygen atoms in CuO, whereas copper is surrounded by only 

copper atoms in pure Copper. Thus, the binding energy of Cu 2p is different in CuO 

rather than pure Copper. An atom of a higher positive oxidation state exhibits a 

higher binding energy due to extra coulombic interaction between the emitted 

photoelectron and the core level ion. The similar shift of the peak to the higher 

binding energy side is observed with the presence of an electronegative atom around 

of that atom. Thus, XPS has an ability to discriminate between different oxidation 

states and chemical environments of an atom.   

 
 In the present work, the XPS spectra were recorded on ESCA+ Omicron 

nanotechnology (Oxford Instrument, Germany) instrument equipped with a base 

pressure in the analysis chamber of 10-8 Torr. The X-ray source was 

monochromatized Al Kα (hν =1486.7 eV) radiation and the binding energy scale 

was calibrated using the C 1s line (hν = 284.6 eV) of the adsorbed hydrocarbon on 

the sample surface. The operating voltage and current of the instrument was kept on 

15 kV and 20 mA, respectively. The short scan pass energy was 20 eV and in case of 

survey scan it was 50 eV. Sample were taken in pellet form and deposited on Cu 

tape and degased for overnight in XPS FEL chamber to minimize the air 

contaminatior at sample surfaceas as well as degasing in the main sample chamber. 

To overcome the charging problem, a charge neutralizer of 2 keV was applied to the 

sample. The electron takeoff angle i.e. angle between the analyzer to source is 90o 

and the resolution was confirmed by FWHM anout 0.60 eV in the measurments. The 

produced X-ray were allowed to fall on the sample mounted on the sample stage (as 

shown in Figure 2.19). electron collection lens, electron detector system and electron 

energy analyzer were used to analyse the kinetic energy of the ejected electrons and 
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to count the electrons with particular kinetic energy. In order to avoide the loss of 

electron energy by interacting with the residual gaeous molecule, this analysis is 

performed under ultra-high vacuum condition. 

 
2.9.1. Information from XPS 

 XPS provides the useful information about the oxidation state of an atom in 

the sample. Apart of the chemical shift, secondary effects like multiple splitting, 

spin-orbit splitting and shake-up structure can also give useful information about the 

bonding and electronic structure of the material.  

 
2.10. Superconducting Quantum Interference Device-Vibrating Sample 

Magnetometer (SQUID-VSM) 

 MPMS-3 SQUID-VSM is the most powerful SQUID magnetometer that 

based on the 2ω detection technique, which makes both SQUID and VSM 

techniques in combined form. It is a very sensitive device, which is able to measure 

very low field (order of 10-8 emu) and widely used instrument for magnetic 

characterization of nanomaterials [106]. VSM measures the voltage induced in the 

pickup coils by Faraday’s law of induction, as the sample is vibrated in its 

surrounding area. VSM is relatively faster albeit with poorer sensitivity in 

comparison to a relatively-slow SQUID magnetometer. SQUID-VSM instrument is 

a unique combination of best features of both SQUID and VSM i.e. sensitivity of 

SQUID and speed of VSM.  

 
 Basically, SQUID is very sensitive detector of magnetic flux which 

combines the physical phenomenon of flux quantization and Josephson tunnelling 

and can operate at temperature as low as few Kelvin. This Josephson junction is 

consisting of two superconducting ring that is broken by one (RF SQUID) or two 

(DC SQUID) and separates by a thin insulating film called as weak link (as shown in 

Figure 2.20). The tunnelling of electrons can be taken place through that junction 

[107]. 
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Figure 2.20: A systematic representation of SQUID Josephson device 

 
 The flow of super-current through the coil is very less about 10-5 A, which 

can be limited by the thin insulating layer. Its pickup system and sensors are 

sensitive to change in the magnetic flux and magnetization of magnetic material as a 

function of temperature, magnetic field and time. As the area of the junction is 

increased, the sensitivity of Josephson junction to applied magnetic field is also 

increased, which justifies making the device large so that the control current can be 

reduced to a minimum. However, the switching speed of junction is decreased with 

increase in the area of the junction. Recently in some devices, the conflicting 

demands of speed and sensitivity are met by replacing a single junction with two or 

more junctions connected by a continuous superconducting loop. This multi-junction 

device is called as Josephson interferometer or SQUID. SQUID has one or more 

than one Josephson junctions as its active element. In most of the systems, SQUID is 

located inside a small cylindrical, superconducting magnetic shield in the middle of 

a liquid helium Dewar. The pickup coils are configured as a second-order 

gradiometer that detects the difference in one component of the field between two 
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points, which are located at the bottom of the Dewar and placed underneath of the 

magnetometer. The remaining hardware is designed to eliminate RF interference, 

minimize helium boil off, and avoid noise or any external distortion A.C. fields. 

During the measurements, if a constant biasing current is maintained in the SQUID 

device, the measured voltage oscillates according to the change in the phase at the 

two junctions that depends on the change in the magnetic flux. The change in flux 

can be evaluated by counting the oscillations. Since, the sensitivity of SQUID is   

10-14 Tesla that is very large to measure any magnetic signal obtained from the 

sample. Systematic diagram of signal detection method of SQUID magnetometer is 

shown in Figure 2.21.  

 
 During the measurements, sample is placed within the superconducting 

pickup coils, which are situated at the centre of the superconducting magnets. Due to 

induction, the magnetized sample induces an electric current in the pickup coils, so 

that a superconducting loop is formed by the detection coils and an input coil of 

SQUID. Any change in the magnetic flux in the coil can produce a proportional 

current in the loop. It is well known that SQUID works as current-to-voltage 

converter in the linear manner, so any change in the current in the detection coil 

produces a change in the SQUID output voltage, which is proportional to the change 

in the magnetic moment of the corresponding sample.  

 

 
Figure 2.21: A systematic diagram of SQUID detection system 
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 Now, a fully calibrated system at the end stage of the system directly 

converts this output voltage to the magnetic moment that is produced from the 

SQUID. For doing calibration, a small piece of a material of known mass and 

magnetic susceptibility is used. A MPMS-3 SQUID-VSM contains all parts similar 

to a SQUID magnetometer, along with a VSM motor component. This VSM motor-

head is used for vibrating the sample in-between the detection coil and motion of the 

sample is controlled by an electric motor current module. The sample position is 

controlled by the DC signals, while the frequency and the amplitude of the vibration 

are controlled by the AC signals. 

 
 In the present work, the magnetic measurements of the pure CeO2 and doped 

(Fe and Gd) CeO2 NPs samples were recorded at room temperature on Quantum 

Design MPMS-3 SQUID-VSM magnetometer available at Micro and Nano 

characterization Facility (MNCF), Centre for Nano Science and Engineering 

(CeNSE), Indian Institute of Science (IISc), Bengaluru. The magnetic measurements 

were conducted by varying the applied field from -7 T to +7 T at room temperature. 

The photograph of the Quantum Design MPMS-3 SQUID-VSM system is shown in 

Figure 2.22.  

 

  
Figure 2.22: Photograph and cross-section view of MPMS-3 SQUID-VSM 
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2.10.1 Information from SQUID-VSM 
 Quantum design MPMS-3 SQUID is a very sensitive magnetometer due to 

utilization of liquid helium cooled SQUID system for measuring the change in the 

magnetic flux that converts and measured as current, as the sample moves through 

the superconducting detection coil. We can measure M-H and M-T curve with the 

help of this instrument, which provides the information about magnetic moment, 

saturation magnetization, magnetic susceptibility, coercivity, retentivity and 

magnetic behaviour of the samples.    

  
2.11. Keithley Electrometer 
 Keithley source-meter unit is the most common measuring instrument for 

current-voltage (I-V) characterization in laboratories. Source-measurement unit 

(SMU) is an electronic instrument that has capability of both sourcing and 

measuring at the same time. This capability adds an extra degree of versatility for 

many measurement applications and eliminates the requirement for using separate 

instruments for such applications. This instrument can operate in two modes where it 

can functions as a current or a voltage source. 

i) In the first mode (source V measure I), the instrument function as a voltage 

source and simultaneously measure the current give across the circuit. This 

instrument is capable of sourcing voltage from ±100 nV to ±200 V. When 

instrument programmed to source voltage, current measuring meter is 

connected in series with source V and output (as shown in Figure 2.23 a). 

ii) In the second mode (source I measure V), the instrument functions as a 

current source and measure the potential drop across the given circuit. This 

instrument is capable of sourcing ±10 fA to ±10 A. When instrument 

programmed to source current, voltage measuring meter is connected in 

parallel with the current source and the output (as shown in Figure 2.23 b). 

 
 The high current measurement sensitivity (as low as 10 fA) and high input 

resistance (~100 TΩ) makes source-meter suitable for low level measurements. 

Source-meter has another important property that is sweeping capability. In which, it 

can programmed to sweep in a given voltage or current interval with a given number 

of steps. The source-meter is basically designed for the high speed production test 
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applications and it is very useful instrument for research applications such as 

semiconductor device characterization. 

 
 This instrument operates in two modes namely DC mode and Sweep mode. 

The source-meter unit operations that consists both DC and sweep modes also have 

source delay measure (SDM) cycles. During each SDM cycles, source-meter unit 

follows some steps such as; setting the source output level, perform the delay and 

finally make the measurements. Each measurement is stored in sweep buffer. 

 

  
(a) (b) 

Figure 2.23: Schematic circuit diagram of conductivity meter (a) Source V 

Measure I, (b) Source I Measure V mode 

 

  
Figure 2.24: Photograph of Keithley 2400 source-meter instrument  

(Tektronix Company) 
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 In the present work, the electrical properties of pure CeO2 and Sm-doped 

CeO2 NPs samples was performed by measuring current with increasing voltage at 

room temperature on Keithley 2400 source-meter instrument (make of Tektronix 

Company). I-V characteristic was determined using two probe technique. Samples 

used for this technique were symmetric in shape. During the measurement, the 

independent electrical terminals of copper wires were joining with the help of silver 

paint onto the samples. One terminal was connected to source meter to apply 

constant current to the sample and other one terminal measure the resulting potential 

drop across a defined portion of the sample through nanovoltmeter. The electrical 

contacts of wires on the samples were made by conducting silver paint. The samples 

were subjected to increasing voltage from 0 V to ±1 V. This instrument has a current 

handling capability ranging from ±1 pA to ±1.05 A and voltage capability of ±100 

nV to ±210 V at a maximum power of 22 W. Resistance value can be measured by 

the device is as low as 0.2 Ω to 200 MΩ. This Keithley 2400 source-meter was 

attached with a computer and controlled by the help of software LabTracer 2.0 

[108]. The photograph of Keithley 2400 source-meter instrument (Tektronix 

Company) is shown in Figure 2.24. 

 
2.11.1. Information from Keithley Electrometer 

 Keithley electrometer is an instrument used for studying the electrical 

properties of samples. We can measure current and voltage of the sample and I-V 

characteristics measure the conductivity and resistivity of the samples. 
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CHAPTER 3 

STUDY OF STRUCTURAL, OPTICAL AND 
ELECTRICAL PROPERTIES OF RE (Sm3+)-DOPED 

CeO2 NANOPARTICLES 

 
ABSTRACT 

 In this study, the correlation between the concentration of dopant ions and 

oxygen vacancy defect of Sm-doped CeO2 NPs were investigated systematically by 

XRD, UV-Vis-NIR and SERS. The nanocrystalline pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2    

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples were synthesized using co-precipitation 

chemical route. The XRD measurements revealed that Sm3+ ions are successfully 

incorporated at the Ce4+ ion sites in the face centered cubic (fcc) lattice of CeO2 

NPs. The HRTEM and SAED patterns were analyzed to study the surface 

morphology, crystallinity, atomic structure of the samples. The average particle size 

calculated with TEM images was obtained in the range of 5-8 nm for pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples for all the doping concentrations. The UV-Vis-NIR 

spectroscopy and SERS were analyzed to investigate the optical properties and 

defect structure in these NPs. The UV-Vis-NIR spectroscopy measurements 

revealed that due to aggregation of particles the optical band gap energy was varied 

with fluencies of Sm3+ ions as well as due to particle size variations of NPs. Peak 

asymmetry and broadening of Raman active mode further ascribed the presence of 

oxygen vacancy (whether extrinsic or intrinsic), which were varied with the 

fluencies of Sm3+ ions in CeO2 NPs. This chapter presented a systematic study on 

the fluencies of Sm-doping in CeO2 NPs lattice to understand the role of vacancies, 

intrinsic and extrinsic oxygen vacancies and their effect on tailoring the structural, 

electrical and optical properties of doped CeO2 NPs for various applications like 

luminescent materials, oxygen transportation, catalysts, ultraviolet fuel cells, 

corrosion prevention etc. 

 
3.1. Introduction 

 In recent years, DMS have been extensively studies due to their enormous 

spintronic properties for various spintronic applications. Among them, CeO2 is 
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considered as a promising candidate, which has evoked a great deal of interest 

among the researchers for its wide range of applications such as solid electrolyte in 

solid oxide fuel cells (SOFC’s) [36], three way catalysts for automobile exhaust 

systems [37], oxygen gas sensors, having wide band gap energy of 3.2 eV used as 

sunscreen for UV absorbent [38], blocking material in UV shielding [39], and CeO2 

films can also be used as protective coating of SOFC’s interconnector [40]. Most of 

the chemical, mechanical and magnetic properties of CeO2 directly depend on the 

presence of related point defects, such as oxygen vacancies, which are believed to be 

generated due to reduction of Ce4+ to Ce3+ oxidation states of cerium ions and 

further change in material properties may be attributed due its particle size change 

from micro to nano-scale. It is also reported by researchers that CeO2 NPs have a 

tendency to liberate more oxygen ions and create more oxygen vacancies than bulk 

CeO2, due to increased surface-to-volume ratio [109], which may result into increase 

in oxygen storage capacity as well as oxygen ion conductivity in these materials 

[110, 111]. Further, it is also reported that the type of dopant also alters the ion 

conductivity of CeO2 NPs i.e. rare earth (RE) ions as dopant significantly increases 

the oxygen vacancies, which is responsible for enhancement in the oxygen ion 

conductivity and in mechanical properties in RE-doped CeO2 nanomaterials [112-

114]. V. V. Ursaki et al., reported that substitution of Ce4+ ions by Sm3+ ions form 

the oxygen vacancies which are responsible for enhancement of the ionic 

conductivity of Sm-doped CeO2 film synthesized by using electrochemical 

deposition method [115]. The room temperature ferromagnetic properties are also 

reported to be enhanced due to RE-doping into CeO2 nanomaterials [116] i.e. 

recently enhanced room temperature ferromagnetic properties were reported by      

K. Kaviyaras et al. for Gd-doped CeO2 nanocrystal prepared using hydrothermal 

method, attributed to the formation of the oxygen vacancies due to Gd-ion 

incorporation and increased annealing temperature [117]. Chen et al. for their      

Sm-doped CeO2 NPs (for 3, 5, 7, 9, 11 and 15% doping concentrations) prepared 

using co-precipitation method, have observed that the concentration of dopant ions 

also affect the localized environment of the CeO2 NPs [67]. E. Swatsitang et al., 

have observed the stable room temperature ferromagnetism induced by oxygen 

vacancies in accordance with BMP model, for pure and Sm-doped CeO2 (5, 10, 15 
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and 20%) NPs synthesized by polymer pyrolysis method [56]. However, a 

correlation between the dopant and oxygen vacancies also affects the conductivity 

and ferromagnetism in doped CeO2, which is not only depend on the size of the 

dopant but also on the doping concentration [116, 118]. Recently, the electronic 

structure of the pure CeO2 and Fe-doped CeO2 polycrystalline samples have been 

investigated by XPS and it is revealed that the Ce4+ states are reduced to Ce3+ states 

for Fe-doped CeO2 samples, which may be explained by the formation of the oxygen 

vacancies in the samples [119]. Further, Lee et al., [120] reported that the trapping 

effect of the oxygen vacancies between dopant and cerium ions can be varied with 

small and large size RE-dopant ions in CeO2, which finally affects the local structure 

in the lattice by generating strain due to the dopant ion radius. Although, there are 

few experimental reports that have studied the oxygen vacancy defect variation with 

small doping concentrations in Sm-doped CeO2 NPs. The origin of ferromagnetism 

in these compounds is still controversial; there are doubts whether the 

ferromagnetism is intrinsic or extrinsic in these compounds. Generally, it is 

acceptable that the Sm-ions are substituting the Ce-site in the lattice and hence the 

ferromagnetism in these compounds is intrinsic in nature. Hence, the main motive 

behind this study is to explore the formation of defects and oxygen vacancies, which 

arises due to the small doping concentration of Sm3+ ions in CeO2 NPs. 

 
 It is requisite that the microstructure of the Sm3+ ions doped CeO2 NPs  have 

to be studied using some appropriate method and hence in the present work, pure 

and Sm-doped CeO2 NPs with different doping concentration (2, 4, 6, 8 and 10%) 

are synthesized by co-precipitation method. In order to identify the information on 

direct defects and oxygen vacancies in these samples, SERS is used as the other 

techniques like XRD and electron microscopies are not suitable for probing the 

atomic scale defect structures in the lattice. The effect of Sm-doping on the 

structural, surface morphological and optical properties of Sm-doped CeO2 NPs with 

different doping concentration (2, 4, 6, 8 and 10%) has been investigated using 

various techniques such as XRD, TEM, EDX, UV-Vis-NIR spectroscopy and SERS. 

The electrical property of all the samples has been analyzed by measuring current 

with increase in voltage at room temperature on Keithley 2400 source-meter. 
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Specifically, we have also discussed the relationship between doping concentration 

and oxygen vacancies defects with a view to explain the microstructure of Sm-doped 

CeO2 NPs.  

 
3.2. Experimental Details 

3.2.1. Materials 

 Cerium (III) Choride heptahydrate (𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3. 7𝐻𝐻2𝑂𝑂) (Alpha Aesar 99.9%), 

Samarium (III) Choride hexahydrate (𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶3. 6𝐻𝐻2𝑂𝑂) (Alpha Aesar 99.9%) and 

Ammonium hydroxide (𝑁𝑁𝐻𝐻4𝑂𝑂𝐻𝐻) 30% solution. 

 
3.2.2. Material preparation  

 Nanocrystalline pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08, and 

0.10) samples were synthesized by using co-precipitation method. The appropriate 

stoichiometric amount of 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3. 7𝐻𝐻2𝑂𝑂 and 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶3. 6𝐻𝐻2𝑂𝑂 were used for synthesizing 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 NPs. Initially, 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3. 7𝐻𝐻2𝑂𝑂 and 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶3. 6𝐻𝐻2𝑂𝑂 precursor solution was 

prepared in distilled water with magnetic stirring at the rate of 600 rpm. Then 30% 

𝑁𝑁𝐻𝐻4𝑂𝑂𝐻𝐻 solution was added drop wise to this solution until the pH level was reached 

about 10. This solution was stirred for about 4 hours with the stirring rate of 1600 

rpm at room temperature. After that, the synthesized pale-yellow precipitate was 

collected and washed with distilled water. The samples were dried at room 

temperature and annealed in the furnace for about 500 oC for 8 hours. A set of 

samples, i.e. pure CeO2, and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs 

were formed. The chemical reaction occurring during the experimental process can 

be written as follows: 

𝟐𝟐𝟐𝟐𝟐𝟐𝒍𝒍𝟑𝟑 ∙ 𝟕𝟕𝑯𝑯𝟐𝟐𝑶𝑶(𝒂𝒂𝒂𝒂)  +  𝟑𝟑𝟑𝟑𝑯𝑯𝟒𝟒𝑶𝑶𝑯𝑯(𝒂𝒂𝒂𝒂)  →  𝟐𝟐𝟐𝟐(𝑶𝑶𝑯𝑯)𝟑𝟑(𝒔𝒔)  +  𝟑𝟑𝟑𝟑𝑯𝑯𝟒𝟒𝟐𝟐𝒍𝒍 (𝒂𝒂𝒂𝒂) +  𝟕𝟕𝑯𝑯𝟐𝟐𝑶𝑶(𝒂𝒂𝒂𝒂)  (𝟑𝟑.𝟏𝟏) 

 
                        𝟐𝟐𝟐𝟐𝟐𝟐(𝑶𝑶𝑯𝑯)𝟑𝟑(𝒔𝒔)

𝟓𝟓𝟏𝟏𝟏𝟏℃
�⎯⎯�  𝟐𝟐𝟐𝟐𝟐𝟐𝑶𝑶𝟐𝟐(𝒔𝒔)  +  𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶(𝒈𝒈)  +  𝑯𝑯𝟐𝟐(𝒈𝒈) ↑                           (𝟑𝟑.𝟐𝟐)                                   

 
 Assumed chemical reactions for the growth on various ratios (x = 0.02, 0.04, 

0.06, 0.08 and 0.10) of dopant Sm-ion in CeO2 NPs can be occurred as follows: 

(𝟏𝟏 − 𝒆𝒆)[𝟐𝟐𝟐𝟐𝟐𝟐𝒍𝒍𝟑𝟑 ∙ 𝟕𝟕𝑯𝑯𝟐𝟐𝑶𝑶] +  𝒆𝒆[𝑺𝑺𝒏𝒏𝟐𝟐𝒍𝒍𝟑𝟑 ∙ 𝟔𝟔𝑯𝑯𝟐𝟐𝑶𝑶] + 𝟑𝟑𝟑𝟑𝑯𝑯𝟒𝟒𝑶𝑶𝑯𝑯 →  𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑺𝑺𝒏𝒏𝒆𝒆𝑶𝑶𝟐𝟐 

                    + 𝐌𝐌𝐜𝐜𝐥𝐥𝐌𝐌𝐜𝐜𝐌𝐌𝐥𝐥𝐌𝐌𝐌𝐌 𝐥𝐥𝐌𝐌𝐬𝐬𝐌𝐌𝐬𝐬 ↑        (𝟑𝟑.𝟑𝟑) 
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3.2.3. Nanomaterials Characterization 
 The structural properties of the samples were studied using XRD method on 
Brucker D8 Advance diffractometer utilizing Cu Kα radiation (λ= 1.5406 Å). The 
diffraction patterns were recorded at room temperature in the 2θ range from 10o to 
90o with 0.05o min-1 scanning speed and the counting time of 5 sec per step. The 
surface morphology, particle size and crystalline nature of the samples were studied 
using TEM with Technai G2 20 S-TWIN (FEI Netherlands) instrument operated at 
an accelerating voltage of 200 kV. Samples for the TEM investigation were prepared 
by dispersing the nanopowder in ethanol using an ultrasonicator to produce a dilute 
suspension for correct particle size measurements. A standard carbon film mesh 
supported on Cu grid was immersed in the suspension to produce the sample for 
TEM measurements. The particle size distribution was measured for a total 150 
particles using the Image-j software. EDX spectra were recorded from TESCAN 
MIRA 3 FESEM equipped with EDX (OXFORD detector with AZtec software) 
operating at an accelerating voltage of 15 kV. EDX analysis was used to confirm the 
presence of the elements. The optical and defect characterizations were carried out 
by SERS on a Thermo Scientific DXRxi Raman Imaging Microscope with Charge 
Injection device (CID) detector having a green laser with 532 nm excitation light 
source with its power was kept at 10mW. The UV-Vis-NIR spectroscopy was 
performed for the optical absorbance spectra of the samples in the range of 200-1000 
nm with BaSO4 as an internal standard, were recorded employing a Shimadzu     
UV-3600 Plus spectrophotometer with an integrating sphere. Finally, the electrical 
property was performed for current-voltage (I-V) characteristic of all samples at 
room temperature on Keithley 2400 source-meter instrument (make of Tektronix 
Company). For measuring the dc electrical conductivity, the electrical contacts of 
copper wires were made by applying conducting sliver paste on both sides of the 
pallet. The conducting properties of all samples were measured by dc two-point 
probe method with the increasing voltage from 0 V to ±1 V and measured current at 
room temperature. 
  
3.2.4. Theoretical background 
 Generally, four-point probe arrangement is very convenient and commonly 
used for measuring resistivity of a semiconductor. However, this arrangement may 
give inaccurate results for several reasons, such as charge carrier injection by the 
current probes and surface leakage. Therefore, two-point probe arrangement has 
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been used in order to overcome the drawbacks of the four-point probe arrangement 
for a bar-shaped sample [121, 122]. 
 
 Figure 3.1 shows the schematic diagram of the two-point probe arrangement 
on a rectangular bar-shaped sample, and the sample resistivity is given as: 

𝝆𝝆 = �
𝑽𝑽
𝑰𝑰
� �
𝒂𝒂𝒉𝒉
𝑺𝑺
�                                                             (𝟑𝟑.𝟒𝟒) 

 Where, ρ is the sample resistivity, I is the uniform current being passed 
through the sample, V is the applied potential difference measured between the two 
voltage probes, ‘a’ is the sample width and h is the sample height and S is the 
separation between the two-probes. 
 

 
Figure 3.1: Two-point probe arrangement on rectangular bar-shaped sample 

 
3.3. Results and discussion 
3.3.1. Structural Properties 
3.3.1.1. XRD Analysis 
 Figure 3.2 displays the indexed powder XRD patterns for pure CeO2 and 
𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) NPs. All major Bragg peaks 
(111), (200), (220), (311), (222), (400), (331), (420) and (422) corresponding to the 
crystallographic plane having face-centered cubic fluorite (fcc) structure with the 
space group Fm-3m in which Ce is located at 4a position and surrounded by eight 
oxygen located at 8b position [123] are marked on the XRD pattern. Further, in 
order to rule out the presence of any peak corresponding to secondary impurity 
phase such as Sm2O3 the XRD patterns are plotted on Log scale (see Figure 3.3). 
Figure 3.3 depicts only the allowed Bragg reflections and no impurity peak can be 
detected in the XRD patterns of all the samples. These observations clearly indicate 
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well incorporation of Sm3+ ions on CeO2 lattice site and indeed confirming the 
single phase formation of doped 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples. 
 

 
Figure 3.2: XRD patterns of pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑺𝑺𝒏𝒏𝒆𝒆𝑶𝑶𝟐𝟐 (for x = 0.02, 0.04, 
0.06, 0.08, and 0.10) NPs 
 

 
Figure 3.3: XRD patterns of pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑺𝑺𝒏𝒏𝒆𝒆𝑶𝑶𝟐𝟐 (for x = 0.02, 0.04, 
0.06, 0.08, and 0.10) NPs plotted on Log scale 
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Figure 3.4 (a-f): Rietveld refined and fitted XRD patterns of pure CeO2 and 
𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑺𝑺𝒏𝒏𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples at 300 K. Observed 
(calculated) profiles are shown by dotted (solid) lines. The short vertical marks 
represent Bragg reflections. The lower curve is the difference plot. 
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 Figure 3.4 (a-f) shows the Rietveld refined and fitted XRD spectra for all the 
pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples, which has been carried out on a series of        
x = 0.02, 0.04, 0.06, 0.08 and 0.10 doping concentration at room temperature and the 
results of the Rietveld refinement are tabulated in Table 3.1. It indicates that all 
peaks are in good agreement with the standard data for CeO2 (with peak intensity 
according to JCPDS Card No. 43-1002) [124].  
 

 
Figure 3.5: Limited range XRD diffraction pattern plotted in the vicinity of the 
(111) Bragg peak for pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑺𝑺𝒏𝒏𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 
0.10) NPs 
 
 As shown in Figure 3.5, the intensity of most intense Bragg diffraction peak 
(111) is not changed much with the incorporation of Sm3+ ions for x = 0.02 and 0.04 
fluencies, but with further increase in concentration of Sm (for x = 0.06, 0.08 and 
0.10) the peak intensity is changed drastically. It is reported that the increasing 
intensity in the diffraction peak signifies an improvement in the crystalline nature 
while decreasing intensity signifies low crystalline nature of the CeO2 NPs [125]. 
Simultaneously, Figure 3.5 indicates that incorporation of Sm3+ ions for x = 0.02 and 
0.04 the diffraction peak (111) is shifted towards lower angle side and for x = 0.06, 
0.08 and 0.10 concentration the peak is shifted towards higher angle side. It is also 
reported that the shifting of (111) peak to the lower and higher angle side is 
attributed to the lattice expansion and contraction, respectively, with the doping of 
Sm3+ ions in CeO2 NPs [126]. 
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Table 3.1: Obtained values of lattice parameter (a), unit cell volume (V) and other fine details from Rietveld refinement analysis  

of the XRD data. 

Samples 
𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑺𝑺𝒏𝒏𝒆𝒆𝑶𝑶𝟐𝟐 x = 0.00 x = 0.02 x = 0.04 x = 0.06 x = 0.08 x = 0.10 

a (Å) 5.4146(2) 5.4105(25) 5.4167(18) 5.4195(18) 5.4209(30) 5.4294(22) 

V (Å3) 158.74(8) 158.38(13) 158.93(9) 159.41(9) 160.01(9) 160.05(12) 

Rp 2.50 2.83 2.71 2.56 2.44 2.70 

Rwp 3.17 3.57 3.47 3.26 3.10 3.39 

Rexp 3.01 3.39 3.25 3.08 3.01 3.19 

χ2 1.11 1.11 1.14 1.12 1.06 1.13 

RBragg 1.28 1.30 1.76 1.96 1.42 2.84 
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 As clearly seen in Figure 3.2, the XRD diffraction peaks become broader 

after doping and broadness of peaks are changed with the fluency of Sm3+ ions in 

CeO2 NPs, indicating that crystal size and crystalline nature of the samples are 

affected due to change in the concentration of dopant ions in CeO2 NPs. The average 

particle size (D) of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples is calculated by the Debye 

Scherrer’s formula [87, 88]: 

𝑫𝑫 =
𝒌𝒌 𝒏𝒏

𝜷𝜷 𝒄𝒄𝒐𝒐𝒔𝒔𝜽𝜽
                                                                      (𝟑𝟑.𝟓𝟓) 

 Where, k is the particle shape factor (0.9), λ is the X-ray wavelength, β is the 

full width at half maxima (FWHM) of XRD (111) diffraction peak, which was 

calculated by 𝛽𝛽 = (𝛽𝛽𝑆𝑆
2 − 𝛽𝛽𝐵𝐵

2)1 2⁄ , here βm and βi are the measured and instrumental 

broadening (in radian), respectively and θ is the Bragg’s diffraction angle of the 

peak in degree. Table 3.1 incorporates the calculated lattice parameter of pure CeO2 

and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples. The increase in the lattice parameter corresponding to 

pure CeO2 indicates that the volume of the CeO2 cell has been increased with Sm-

doping, which is related with the effective ionic radius of the dopant ion [127], as 

the ionic radius of Sm3+ (0.1079 nm) is larger than the ionic radius of Ce4+       

(0.097 nm) ions [128]. This incorporation of Sm3+ ions in CeO2 sample possibly will 

create the larger radius of Ce3+ ions (0.114 nm) rather than smaller radii Ce4+ ions. 

Furthermore, in order to maintain charge equilibrium, Sm3+ and Ce3+ ions are 

collectively creating oxygen vacancies in the CeO2 lattice, which is also reported for 

further lattice expansion [126]. This variation in lattice parameter clearly indicates 

the effect of Sm3+ ions doping concentration in CeO2 NPs. It has been reported that 

the lattice parameter and particle size are related to each other as particle size 

increases this causes a decrease in the lattice parameter [129]. This can also be 

explained by the increased rigidity, which may be caused by increasing lattice strain 

results from the substitution of Ce4+ ions by Sm3+ ions. Now, lattice strain (ε) is 

calculated using formula [130, 131]: 

𝜺𝜺 =
𝜷𝜷 𝐜𝐜𝐜𝐜𝐬𝐬𝜽𝜽

𝟒𝟒
                                                                (𝟑𝟑.𝟔𝟔) 
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 As tabulated in Table 3.2, all positive values of strain are related to the 

tensile strain in 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples. The results revealed that due to incorporation 

of Sm3+ ions, strain is decreased for initial doping concentration x = 0.02, which 

increases for x = 0.04 concentration, decreases for x = 0.06 and increase can be seen 

for further doping concentrations. This indicates that due to incorporation of larger 

radii Sm3+ (0.1079 nm) ion, lattice is relaxed for x = 0.02 and 0.06 concentrations, 

while strain expands the lattice for other doping concentrations (as shown in Table 

3.2). It is also reported in some theoretical investigation that the tensile strain 

promotes the formation of oxygen vacancies more than the compressive strain [132]. 

Hence, the increment in tensile strain in our samples can be directly related to the 

endorsement of oxygen vacancies, which is related to the bonding length and the 

strength between the surface oxygen and Ce atom [133]. Since, for tensile strain, the 

bandwidth of the O 2p orbital decreases and overlapping between O 2p and Ce 5d as 

well as Ce 4f orbital also decreases, which leads a weaker Ce-O bond and 

responsible for the formation of oxygen vacancies [132].   

 
 Furthermore, the dislocation density is another crystallographic defect, or 

irregularity, which is also found within a crystal structure. The dislocation density 

(δ) is defined as the total length of dislocation lines per unit volume, which is 

calculated using formula [134]: 

𝜹𝜹 =
𝟏𝟏
𝑫𝑫𝟐𝟐                                                                 (𝟑𝟑.𝟕𝟕) 

 Here, D is average particle size measured from TEM images. 
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Table 3.2: Calculated values of lattice spacing (d) for (111) plane, average crystalline size (D) measured from TEM, XRD and 

Raman line broadening, dislocation density (δ), lattice strain (ε), absorbance wavelength (λ), optical band gap energy (Eg) and 

refractive index (n) are summarized in the table. 

Sample d (nm) 
D (nm) 

δ (nm-2) ε×10-2 λ (nm) Eg (eV) n 
TEM XRD Raman spectra 

Pure CeO2 0.317 7.24 9.16 8.07 0.019 3.88 313 2.87 2.43 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑺𝑺𝒏𝒏𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 0.308 5.94 9.49 9.28 0.028 3.75 329 2.69 2.48 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑺𝑺𝒏𝒏𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 0.317 6.45 9.12 8.04 0.024 3.83 320 2.86 2.43 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑺𝑺𝒏𝒏𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 0.316 8.13 9.62 7.40 0.015 3.78 324 2.83 2.44 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑺𝑺𝒏𝒏𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 0.317 6.62 7.72 6.34 0.022 4.68 323 2.87 2.43 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑺𝑺𝒏𝒏𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 0.322 6.76 6.91 5.03 0.021 6.98 316 2.64 2.50 
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 The dislocation density is found to increase after incorporation of Sm3+ ions 

for all the doping concentrations of Sm in CeO2 NPs (except for x = 0.06), δ found to 

be decreased (as shown in Table 3.2). This increase in the dislocation density 

corresponds to the promotion of disorder for Sm-doped CeO2 samples [125].  

 
3.3.1.2. Surface Morphology 

 The average crystallite particle size of all the samples was further confirmed 

by TEM, which is used to get the information about the shape, size and the presence 

of any secondary phase in doped 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 NPs samples. The particle size and 

morphology of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples analyzed by TEM are shown in 

Figure 3.6. It can be clearly seen from the TEM images that the particles are 

crystallized nanoparticles and agglomerated with spherical geometry. The particle 

size distribution (histogram is shown in the inset of Figure 3.6) shows that the 

distribution is quite narrow in the size range of 5-8 nm for all pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 NPs samples, which are in good agreement with the results obtained 

from XRD data (listed in Table 3.2). 

  
 This agglomeration of particles with smaller particle size (< 8 nm) indicates 

that the obtained particles are nanocrystallites. The particle size measured directly 

from TEM images promotes crystal growth with the doping concentration of Sm3+ 

ions. However, the morphology of all the samples is not changing but the 

agglomeration of particles is increased with increasing doping concentration of Sm3+ 

ions (as shown in Figure 3.6). Since, agglomeration of nanoparticles is more stable 

configuration according to the energy point of view, which allows nanoparticles for 

crystallite growth [128]. Furthermore, HRTEM and SAED are also used to get the 

information about the nanocrystallinity and the impurity phase present in the pure 

CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples.  
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Figure 3.6: TEM image for (a) Pure CeO2, (b) 2% Sm-doped CeO2, (c) 4% Sm-doped CeO2, (d) 6% Sm-doped CeO2, (e) 8%  

Sm-doped CeO2, (f) 10% Sm-doped CeO2 and inset histogram show the particle-size distribution of the corresponding samples. 
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Figure 3.7: HRTEM images with d-spacing corresponding to (111) plane for (a) Pure CeO2 (b) 2% Sm-doped CeO2 (c) 4% Sm-

doped CeO2 (d) 6% Sm-doped CeO2 (e) 8% Sm-doped CeO2 (f) 10% Sm-doped CeO2 and inset shows the SAED pattern of 

corresponding samples 
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Figure 3.8: EDX spectrum for (a) pure CeO2, (b) 2% Sm-doped CeO2,  

(c) 4% Sm-doped CeO2, (d) 6% Sm-doped CeO2, (e) 8% Sm-doped CeO2, and 

(f) 10% Sm-doped CeO2 NPs 
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 HRTEM images (as shown in Figure 3.7) indicate that the lattice fringes are 
well developed and randomly oriented with respect to each other. Most of the lattice 
fringes of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples are about at a distance of 0.31 nm 
(values are tabulated in Table 3.2) that corresponding to the (111) lattice plane of the 
fluorite like cubic structure. However, interplanar distance (d) has been changed 
with Sm3+ ions doping in CeO2 NPs. As shown in Table 3.2, no significant change 
has been observed in the interplanar distance (d) for pure CeO2, 4%, 6% and 8% 
Sm-doped CeO2 samples but for 2% and 10% Sm-doped CeO2 samples, the 
interplanar distance d = 0.308 and 0.322 nm for (111) plane, respectively, has been 
changed. The increased value of interplanar distance (d) indicates the crystal growth 
and the low crystallinity. Some defects, such as dislocations (shown in Figure 3.7(f) 
marked with a red ring) are also observed in the HRTEM micrograph of 10% Sm-
doped CeO2 NPs. Moreover, SAED patterns are also taken (shown in the insets of 
Figure 3.7) for all the pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 NPs samples. The SAED pattern 
exhibits four broad rings, which could be attributed to (111), (200), (220) and (311) 
planes. These rings indicate that the particles are crystallized and diffraction rings 
are very well agreeing with the XRD pattern of all the samples. The broadening of 
diffraction rings indicates the sizes of the particles are small and crystalline nature of 
all the samples getting low with increasing doping concentration of Sm3+ ions. 
 
 Figure 3.8(a-f) gives the EDX spectra for the pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2  
(x = 0.02, 0.04, 0.06, 0.08, and 0.10) NPs. It is observed that the cerium (Ce), 
samarium (Sm) and oxygen (O) elements are present in the spectra nearly in the 
stoichiometric ratio. No other elements were found in the spectra reflecting the high 
purity of the synthesized samples. Note that the Carbon signals were from the 
carbon conducting adhesive double side tape on which the powder sample were 
loaded for measurements. The EDX data on the oxygen is not reliable to have an 
estimation of oxygen in these samples; it also reflects the surface oxygen 
contamination. 
 
3.3.2. Optical Properties 
3.3.2.1. UV-Vis-NIR analysis 
 Figure 3.9(a) shows the UV-visible absorption optical spectra for all the pure 
CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) NPs samples. It can be 
seen that these samples exhibit strong absorption below 400 nm with an absorption 
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peak in UV-range corresponding to the different doping concentration of Sm3+ ions 
in CeO2 NPs, which are tabulated in the Table 3.2. These peaks are originated due to 
charge transfer from O2- (2p) valance band to Ce4+ (4f) conduction band, which is a 
direct recombination of the electrons in Ce4+ (4f) conduction band with the holes in 
the O2- (2p) valance band. As shown in the Figure 3.9(a), due to formation of the 
smaller size nanocrystals with the incorporation of Sm3+ ions in CeO2 NPs lattice, 
the wavelength is shifted towards longer wavelength (red shift) side i.e. 329 nm (for 
x = 0.02). Whereas, aggregation of NPs is expected to increase with increasing 
doping concentration of Sm3+ ions (for x = 0.04) in CeO2 NPs, due to this reason 
wavelength is shifted towards lower wavelength side (i.e. blue shift). Again, it 
increases towards the higher wavelength side for x = 0.06 and 0.08 doping 
concentrations and for x = 0.10, the wavelength is again decreased which shows a 
decrement in the aggregation of NPs. 
 
 From all the absorption data, the optical band gap energies (Eg) of pure CeO2 
and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples were calculated using Tauc’s equation:  

𝜶𝜶𝒉𝒉𝒉𝒉 = 𝑨𝑨 (𝒉𝒉𝒉𝒉 − 𝑬𝑬𝒈𝒈)𝒏𝒏                                                    (𝟑𝟑.𝟖𝟖)  

 Where, α is the absorption coefficient, hν is the photon energy, A is a 
constant related to the material, Eg is the optical band gap energy and n is a constant 
which depends on the probability of direct or indirect transition of electron from the 
valance band to conduction band. Figure 3.9(b) shows the graphical variation of 
(αhν)2 vs. Energy (hν) curve shown as per the direct transition n = 1/2 in the 
equation 3.8 as per the reference [135]. The calculated values of band gap energies 
are tabulated in Table 3.2 (generally reported band gap energy of bulk CeO2 is 3.2 
eV [136]). Since, NPs show much different UV-absorption behaviour than their 
corresponding bulk structure, the direct band gap energy of pure CeO2 NPs were 
found to be 2.87 eV, which is attributed to owe this position due to increase in the 
concentration of Ce3+ level on grain boundaries, confirms the increase in 
concentration of Ce3+ ions in pure CeO2 lattice. 
 
 While incorporation of Sm3+ ion in CeO2 sample, further reduction in the 
band gap energy can be seen as ~2.69 eV for 2%  Sm-doping, this may be attributed 
to the creation of oxygen defect or local bond distortions in the CeO2 lattice. The 
incorporation of Sm3+ ions may increase the concentration of Ce3+ ions in CeO2 
sample due to the creation of oxygen defects or vacancies in the CeO2 lattice. These 
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oxygen defects create impurity levels, which are present in between   O 2p and Ce 4f 
states and capture the excited electrons to decrease the band gap energy of Sm-
doped CeO2 samples [137]. 

 

 

 
Figure 3.9: (a) Room temperature optical absorbance spectra of pure CeO2 and 
𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑺𝑺𝒏𝒏𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples taken in the UV-
visible range, (b) Tauc’s plot of (αhυ)2 versus Energy for pure CeO2 and 
𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑺𝑺𝒏𝒏𝒆𝒆𝑶𝑶𝟐𝟐 samples.  
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 This red shifting implies successful incorporation of Sm3+ ions in CeO2 

lattice [138]. For other doping of Sm3+ ions in CeO2 NPs, band gap energy is found 

to increase and decrease irregularly from 4% to 10% Sm-doping concentrations (as 

shown in Table 3.2). These irregularities in the band gap values with increasing 

Sm3+ ions may be related to the formation of new impurity energy levels in-between 

the band gap of the doped samples [139]. However, the UV-absorption ability of 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples also depends on its particle size. The variation of the band 

gap energy with particle size, measured from TEM images, has been shown in the 

Figure 3.10. The decrease in the particle size at 4% Sm-doping may be attributed to 

the confinement of the carriers and because of this the band gap energy increases for 

this concentration in compared to 2% Sm-doped CeO2 NPs. Again the band gap 

energy is decreased for 6% Sm concentration, which can be explained with Burstein-

Moss (BM) effect [137].  

∆𝑬𝑬𝒈𝒈𝑩𝑩𝑩𝑩 = 𝒉𝒉𝟐𝟐

𝟐𝟐𝒏𝒏𝒗𝒗𝒄𝒄
∗  (𝟑𝟑𝟑𝟑𝟐𝟐𝒏𝒏𝟐𝟐)𝟐𝟐 𝟑𝟑⁄                                              (𝟑𝟑.𝟗𝟗)                                              

 Here, 𝑆𝑆𝑣𝑣𝑣𝑣
∗  is an effective mass of electrons, 𝐿𝐿𝐶𝐶  is the electron concentration 

and h is the Planck’s constant. BM effect suggested that, above the Mott critical 

density, the increased number of free electron concentration lead to fill 4f level 

partially, which in turn blocks the lowest states and led to increase the band gap. 

Here, we can say that the 6% Sm-doping is not sufficiently enough to cross the Mott 

critical density concentration for BM effect, which leads to a decrement in band gap 

energy. The increment in band gap energy at 8% and then decrement for 10%  

Sm-doping can be attributed to the fact that the ground and excited f-energy states 

are created in the mid-band gap of CeO2. At 8%, these energy states of Sm take up 

few excited electrons coming from O 2p level, but at 10% many of excited electrons 

already have taken up these energy states and hence could not occupy the states, 

which finally lead to increase and decrease the band gap energy for 8% and 10% 

Sm-doping concentrations, respectively. 

 
 The refractive indices of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples have also 

been calculated by using the following formula [140]:  

𝒏𝒏𝟐𝟐 − 𝟏𝟏
𝒏𝒏𝟐𝟐 + 𝟐𝟐

 = 𝟏𝟏 − �
𝑬𝑬𝒈𝒈
𝟐𝟐𝟏𝟏

                                                      (𝟑𝟑.𝟏𝟏𝟏𝟏) 
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 Where, n is the refractive index of the material and Eg is the optical band gap 

energy. Table 3.2 shows the calculated value of refractive index of pure and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples as a function of the doping concentration of Sm-ions. 

Compare to pure CeO2, value of n is increased with incorporation of Sm3+ ions for   

x = 0.02 in CeO2 NPs lattice, whereas for x = 0.04, 0.06 and 0.08 concentrations a 

minute variation can be seen and finally at x = 0.10, the value of n is found to 

increase. These results show that the refractive index is depending on the 

concentration of Sm3+ ions in CeO2 NPs. 

 

 
Figure 3.10: Variation of particle size and band gap energy with Sm-doping 

concentration (0%, 2%, 4%, 6%, 8% and 10%) in Sm-doped CeO2 samples. 

 
3.3.2.2. Raman Analysis 

 SERS is an important characterization technique for investigating the 

structural symmetry and defects in nanocrystalline samples due to doping of few 

percentages of dopant ions. Figure 3.11 shows the Raman spectra of pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 NPs sample with various doping concentrations (x = 0.02, 0.04, 0.06, 

0.08 and 0.10) of Sm-ions. As shown in Figure 3.11, pure CeO2 NPs exhibit a 

Raman peak at 462.50 cm-1, which can be associated to the triply degenerate F2g
 

mode of the cubic fluorite crystal structure of CeO2.   
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Figure 3.11: Raman spectra of pure CeO2 and Sm-doped CeO2 nanoparticles. 
Inset (a), (b) and (c) of the figure contains the enlarged views of their 
corresponding Raman spectra in the 420-510 cm-1 energy range related to F2g 
mode, 500-660 cm-1 range related to oxygen defects and 1300-1440 cm-1 range 
related to 3LO, respectively. 
 
 This mode can be considered as the symmetrical stretching mode of eight 
oxygen atoms around Ce4+ ions (O-Ce-O) and the molecule maintain its tetrahedral 
symmetry throughout [141]. This vibrational mode is nearly independent of the cation 
mass due to the movement of oxygen atoms, therefore, this peak is very sensitive to 
any disorder in the oxygen sub-lattice resulting from thermal, doping or grain size 
induced non-stoichiometric disorders [142]. Besides of F2g mode, some other weak 
intensity Raman peaks are also observed in the Raman spectra of pure CeO2 samples 
(as shown in the inset of Figure 3.11(b-c)). The peak located at 598.5 cm-1 (in Figure 
3.11(b)) for pure CeO2 is attributed to the second order Raman spectrum, with phonon 
mode ωTO(X) + LA(X), ascribed its presence due to Ce3+ ions and oxygen vacancies 
[143, 144]. In the CeO2 lattice, oxygen vacancies are reported to be formed when the 
average particle size decreased down to dimensions of the order of nano-size [145]. In 
our results, we can see that the particle size measured from TEM images (as shown in 
Table 3.2) are decreased down to nano-size.  
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Table 3.3: The Position of Raman active modes (cm-1) from Raman spectra and relative peak area ratio 

Sample 

Position of Raman active mode (cm-1) and Vibrational Mode# 

𝑨𝑨𝑶𝑶𝒗𝒗  
𝑨𝑨𝑭𝑭𝟐𝟐𝒈𝒈
�  (𝑨𝑨(𝑶𝑶𝒗𝒗)𝟏𝟏

 +  𝑨𝑨(𝑶𝑶𝒗𝒗)𝟐𝟐
)

𝑨𝑨𝑭𝑭𝟐𝟐𝒈𝒈
 

First-order 
Scattering Second-order Scattering [147,142] Third-order 

Scattering 

𝑭𝑭𝟐𝟐𝒈𝒈 
𝑨𝑨𝟏𝟏𝒈𝒈 

(𝑶𝑶𝒗𝒗) 

𝑨𝑨𝟏𝟏𝒈𝒈 + 𝑭𝑭𝟐𝟐𝒈𝒈 

(𝑶𝑶𝒗𝒗)𝟏𝟏 

𝑨𝑨𝟏𝟏𝒈𝒈 + 𝑬𝑬𝒈𝒈 + 𝑭𝑭𝟐𝟐𝒈𝒈 

(𝑶𝑶𝒗𝒗)𝟐𝟐 
𝟐𝟐𝟐𝟐𝑶𝑶 𝟑𝟑𝟐𝟐𝑶𝑶 

Pure CeO2 462.5 598.5 - - 1175.8 - 0.044 - 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑺𝑺𝒏𝒏𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 461.1 - 537.1 591.3 - 1364.6 - 0.062 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑺𝑺𝒏𝒏𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 460.5 - 548.6 593.5 - 1361.5 - 0.091 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑺𝑺𝒏𝒏𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 459.6 - 546.5 589.5 - 1360.2 - 0.185 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑺𝑺𝒏𝒏𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 459.1 - 546.9 590.7 - 1349.9 - 0.271 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑺𝑺𝒏𝒏𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 459.5 - 558.5 600.1 1175.2 - - 0.123 

# Vibrational modes corresponding to Second-order Scattering are given as per the Ref. [147, 142].  
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 According to this, there can be three possible defect induction mechanisms 

for generation of oxygen vacancy in the pure CeO2 lattice, which can be given as 

[146]: 

 
𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 + 𝟐𝟐𝑶𝑶𝑶𝑶 → 𝑽𝑽"" + 𝟐𝟐𝑽𝑽𝑶𝑶∙∙ + 𝟐𝟐𝟐𝟐𝑶𝑶𝟐𝟐                                        (𝟑𝟑.𝟏𝟏𝟏𝟏)                                               

                                                         
𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 → 𝑽𝑽𝟐𝟐𝟐𝟐"" + 𝟐𝟐𝟐𝟐𝒊𝒊∙∙∙∙                                                       (𝟑𝟑.𝟏𝟏𝟐𝟐)                                                                                                                                                                                                                    

                                                           
𝑶𝑶𝑶𝑶 → 𝑽𝑽𝑶𝑶∙∙ + 𝑶𝑶𝒊𝒊

"                                                            (𝟑𝟑.𝟏𝟏𝟑𝟑)                                                               
 

 In the SERS spectra, another second-order Raman peak can be seen at 

1175.8 cm-1 for pure CeO2, which is associated with 2LO (second overtone band of 

longitudinal optical mode) Raman mode. The Raman active mode (F2g) for 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples (for x = 0.02, 0.04, 0.06, 0.08 and 0.10) is also obtained in the 

range of ~461-459 cm-1 (as shown in Table 3.3). We can see from the SERS spectra 

that with increasing doping fluency of Sm3+ ions, F2g mode is shifted towards the 

lower wave-number side with the asymmetrical broadening of the mode. This may 

be attributed due to the cell expansion, inhomogeneous strain, phonon confinement 

and variation in phonon relaxation with the substitution of Sm3+ ions in the CeO2 

lattice [148, 149]. In Figure 3.11 the characteristic band for Sm2O3 i.e. 345 cm-1 is 

absent in the Raman spectra [150, 151], clearly indicates the successful 

incorporation of Sm3+ ions into the CeO2 lattice, which is in agreement with the 

XRD results. As incorporation of Sm3+ ions in CeO2 (for x = 0.02), three second-

order Raman modes are detected at 537.1, 591.3 and 1364.6 cm-1, where first two 

are assigned to the presence of oxygen vacancies generated into CeO2 lattice due to 

incorporation of Sm3+ ions and third mode is 3LO (third overtone band of 

longitudinal optic mode) mode. 

 
 Moreover, with increasing fluencies of Sm3+ ions (for x = 0.04, 0.06, 0.08 

and 0.10 doping concentrations) into CeO2 lattice, the second-order Raman features 

near the value of ~548-558 cm-1, associated with extrinsic oxygen vacancies induced 

by replacing Ce4+ ions by Sm3+ ions in order to maintain charge neutrality into CeO2 
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NPs [152, 153]. The possible disorder mechanism for extrinsic oxygen vacancies in 

Sm-doped CeO2 NPs can be given as: 

𝑺𝑺𝒏𝒏𝟐𝟐𝑶𝑶𝟑𝟑 + 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝒆𝒆 + 𝑶𝑶𝑶𝑶
𝒆𝒆 → 𝟐𝟐𝑺𝑺𝒏𝒏𝟐𝟐𝟐𝟐

′ + 𝑽𝑽𝑶𝑶∙∙ + 𝟐𝟐𝟐𝟐𝟐𝟐𝑶𝑶𝟐𝟐                          (𝟑𝟑.𝟏𝟏𝟒𝟒) 

 Where, symbols has the following meaning as; 𝐶𝐶𝐶𝐶𝑣𝑣𝐶𝐶𝑥𝑥  and 𝑆𝑆𝑆𝑆𝐶𝐶𝐶𝐶
′  are Ce4+ and 

Sm3+ ions on the CeO2 lattice site, respectively, 𝑂𝑂𝑂𝑂𝑥𝑥  is 𝑂𝑂−2 ions on an oxygen lattice 

site, and 𝑉𝑉𝑂𝑂∙∙ is neutral oxygen vacancy site. 

 
  Another oxygen vacancy peak can also be seen in the range of ~593-

600 cm-1, which is attributed to the defect space including intrinsic oxygen vacancies 

due to the presence of Ce3+ ions as reported [154, 155]. The possible disorder 

mechanism for the creation of intrinsic oxygen vacancies in the sample can be given 

as per the reaction [156]: 

𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝒆𝒆 + 𝑶𝑶𝑶𝑶
𝒆𝒆 → 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐′ + 𝑽𝑽𝑶𝑶∙∙ + 𝟏𝟏 𝟐𝟐⁄ 𝑶𝑶𝟐𝟐(𝒈𝒈)                                    (𝟑𝟑.𝟏𝟏𝟓𝟓)                                     

 Where, symbols has the following meaning as; 𝐶𝐶𝐶𝐶𝑣𝑣𝐶𝐶𝑥𝑥  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶′  are Ce4+ and 

Ce3+ ions on the Ce lattice site, respectively, 𝑂𝑂𝑂𝑂𝑥𝑥  is 𝑂𝑂−2 ions on an oxygen lattice 

site, and 𝑉𝑉𝑂𝑂∙∙ is neutral oxygen vacancy site [141]. Moreover, a band ~1364-1349cm-1 

is assigned to 3LO Raman mode, which is activated due to multiphonon relaxation 

by resonance Raman Effect [157]. The intensity of 3LO Raman mode is decreasing 

with fluencies of Sm3+ ions in CeO2 NPs from x = 0.02 to 0.08 and its peak is shifted 

near at ~1175 cm-1 for x = 0.10 doping concentration, which is assigned for 2LO 

mode. The intensity of Raman peaks near ~548-558 cm-1 and ~593-600 cm-1 is 

increasing with Sm3+ ions concentration from x = 0.02 to 0.06, which indicates that 

both extrinsic and intrinsic oxygen vacancies are increased with fluency of Sm3+ 

ions, while for further doping fluencies (x = 0.08 and 0.10) the intensity of these 

peaks is decreased (shown in Figure 3.11(b)). This behaviour can be explained as, 

due to the incorporation of Sm3+ ions the Ce4+ ions are substituted by the Ce3+ ions 

which release the oxygen ions into the CeO2 lattice for maintaining the 

electroneutrality.  
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Figure 3.12: Relative peak area ratio for bands of oxygen vacancies and F2g 

mode for 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑺𝑺𝒏𝒏𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) samples. 

 
 The particle size of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 NPs samples can also be 

calculated from Raman spectra using following equation: 

𝚪𝚪 (𝒄𝒄𝒏𝒏−𝟏𝟏) = 𝟏𝟏𝟏𝟏 + �
𝟏𝟏𝟐𝟐𝟒𝟒.𝟕𝟕
𝑫𝑫

�  𝒏𝒏𝒏𝒏                                       (𝟑𝟑.𝟏𝟏𝟔𝟔) 

  
 Where, Γ (cm-1) is FWHM of Raman active (F2g) mode and D is particle size 

of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 NPs samples measured from TEM images [158, 

159]. The calculated particle size from Raman spectra is in good agreement with the 

particle size calculated by XRD spectra and TEM images (as shown in Table 3.2). 

The quantitative estimation of the overall concentration of oxygen vacancies 

(intrinsic and extrinsic) is also calculated by the peak area of the oxygen vacancies 

𝐴𝐴𝑂𝑂𝑣𝑣 , 𝐴𝐴(𝑂𝑂𝑣𝑣)1
, 𝐴𝐴(𝑂𝑂𝑣𝑣)2

and 𝐴𝐴𝐹𝐹2𝑔𝑔  bands, which are corresponding to 598.5 cm-1, ~548-558 

cm-1, ~593-600 cm-1 and for the F2g band,  respectively. The calculated values of 
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relative peak area ratios for pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 NPs samples are tabulated 

in Table 3.3 and shown in Figure 3.12. The relative peak area ratios are calculated 

by fitting the Lorentzian function for the corresponding oxygen vacancies mode and 

F2g mode [𝐴𝐴𝑂𝑂𝑣𝑣 𝐴𝐴𝐹𝐹2𝑔𝑔� and (𝐴𝐴(𝑂𝑂𝑣𝑣)1
 +  𝐴𝐴(𝑂𝑂𝑣𝑣)2

)/ 𝐴𝐴𝐹𝐹2𝑔𝑔  for pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 

NPs samples for all doping (x = 0.02, 0.04, 0.06, 0.08 and 0.10), respectively], 

which reflect the relative oxygen vacancy concentration. It can be seen from Table 

3.3, the relative peak area ratio is increased for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples from x = 0.00 

to 0.08 and then decrease at x = 0.10 doping concentration. Hence, we can conclude 

that with increasing Sm3+ ions fluency in the CeO2, oxygen vacancies are gradually 

increased but at higher fluency  (x = 0.10) they are found to decrease. 

 
3.3.3. Electrical Properties 

 
Figure 3.13: I-V characteristic of pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑺𝑺𝒏𝒏𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 

0.06, 0.08 and 0.10) NPs samples at room temperature 
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 In order to investigate the electrical properties of pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs samples, I-V characteristics 

are carried out using Keithley electrometer 2400 with two-point probe setup. Figure 

3.13 shows the I-V characteristics of pure CeO2 NPs with different concentration of 

Sm-ions. The applied potential ranges from -1 V to   +1 V and the corresponding 

current is measured at room temperature, which indicates an exponential increasing 

and decreasing curve in the positive and negative direction of applied voltage, 

respectively. The electrical conductivity of the prepared samples are calculated by 

the following relation, 

𝝆𝝆 =
𝑹𝑹𝑨𝑨
𝒍𝒍

= �
𝑽𝑽
𝑰𝑰
� × �

𝑨𝑨
𝒍𝒍
�                                                   (𝟑𝟑.𝟏𝟏𝟕𝟕) 

𝝈𝝈 =
𝟏𝟏
𝝆𝝆

                                                                 (𝟑𝟑.𝟏𝟏𝟖𝟖) 

 
From equation (3.17) and (3.18), 

𝝈𝝈 = �
𝑰𝑰
𝑽𝑽
� �

𝒍𝒍
𝑨𝑨
�  𝑺𝑺/𝒄𝒄𝒏𝒏                                                 (𝟑𝟑.𝟏𝟏𝟗𝟗) 

 
 Where, ρ is the resistivity, σ is the conductivity, R is the resistance, I is the 

current (μA), V is the applied voltage (Volt), l is the thickness and A is the cross-

sectional area of the samples [160].  
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Table 3.4: Electrical resistivity and conductivity with crystalline size, band gap energy and oxygen vacancy of all samples at  

room temperature 

Sample Crystallite Size 
(nm) 

Band gap 
energy (eV) 

Oxygen vacancy concentration 
from Raman spectra 

Resistivity (ρ) (Ω 
cm) × 102 

Conductivity (σ) 
(S/cm) × 10-2 

Pure CeO2 7.24 2.87 0.044 1.28 0.78 

Ce0.98Sm0.02O2 5.94 2.69 0.062 1.22 0.81 

Ce0.96Sm0.04O2 6.45 2.86 0.091 0.38 2.64 

Ce0.94Sm0.06O2 8.13 2.83 0.185 0.33 2.96 

Ce0.92Sm0.08O2 6.62 2.87 0.271 0.31 3.20 

Ce0.90Sm0.10O2 6.76 2.64 0.123 0.26 3.84 
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 Table 3.4 shows the DC electrical resistivity (ρ) and conductivity (σ) values 

at room temperature, which is calculated from equation (3.17) and (3.18). The 

resistivity (ρ) is found to be in the range 0.26 × 102 and 1.28 × 102 Ω cm and 

conductivity (σ) is found in the range 0.78 × 10-2 and 3.84 × 10-2 S/cm. It can be 

seen clearly that conductivity of the pure CeO2 improves after incorporation of Sm3+ 

ions, which may be due to increase in the crystallinity and decrease in the crystallite 

size of CeO2 after incorporation of Sm3+ ions. The decrease in the crystallite size 

results in increase in the conductivity of Sm-doped CeO2 samples, which may be 

attributed to increase in both carrier density and mobility because of larger change in 

surface to volume ratio. These results are also evident from our XRD and TEM 

analysis. For maintaining the electrical neutrality, oxygen vacancy defects are 

formed and number of oxygen vacancies increases with the fluency of Sm3+ ions on 

Ce sites, which has been evidenced from our Raman spectra. The defect equation 

can be shown as: 

𝟐𝟐𝑺𝑺𝒏𝒏𝟑𝟑+ 𝟐𝟐𝟐𝟐𝟒𝟒+

�⎯� 𝟐𝟐𝑺𝑺𝒏𝒏𝟐𝟐𝟐𝟐
′ + 𝑽𝑽𝑶𝑶                                               (𝟑𝟑.𝟐𝟐𝟏𝟏) 

 
 Doping of Sm3+ ions into the cubic fluorite phase of CeO2 leads to two 

different effects in the physical property. First, the electrical conductivity of our 

samples is found to increase continuously but slightly, which is obvious behaviour 

for doped semiconductor. This behaviour of conductivity and resistivity may be 

ascribed due to generation of oxygen vacancies according to the defect equation 

3.20, which may create trap levels to support this increase up to an optimal doping 

(6% Sm) [79]. However, for 10% Sm-doped sample the oxygen vacancies are found 

to decrease (as shown in Table 3.4), but looking to the optical results the band gap 

value for this doping is found to decrease. So, enhancement in the conductivity of 

10% Sm-doped sample may be ascribed due to smaller direct band gap value. 

Second, according to the XRD analysis, Sm3+ doping leads to increase in the unit 

cell volume (as shown in Table 3.1), which favours the migration of oxygen 

vacancies and therefore improves the conductivity of Sm-doped samples. 

Furthermore, the variation in the particle size of these nanomaterials can also give 

rise to the band gap behaviour of the Sm-doped samples, along with the oxygen 

vacancies represents the systematic increase in the conductivity of the samples. 
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These results indicate that the Sm3+ doping content increases the conductivity of the 

doped CeO2 NPs at room temperature. 

 
3.4. Conclusion 

 CeO2 nanocrystalline samples of size 5-8 nm with different doping 

concentration x = 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10 of Sm3+ ions are successfully 

synthesized by co-precipitation route of chemical synthesis, having fcc structure 

without having any impurity phases present in the lattice as confirmed by XRD 

results. The crystallinity of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples is found to be increased after 

incorporation of Sm3+ ions in the lattice up to a certain doping level after that it is 

found to be decreased. Further, it is also observed that the value of tensile strain is 

increasing, which is related to the promotion of oxygen vacancies due to 

incorporation of larger ionic radii Sm3+ ions, which leads to increase in the lattice 

parameter and expansion of the CeO2 lattice, which also promoted the Ce3+ ions as 

well as oxygen vacancies with lattice expansion. We have also calculated the 

dislocation density, which also reveal the disordering in the CeO2 lattice system after 

doping of Sm3+ ions. As per our analysis of TEM images of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples 

the spherical size crystalline NPs in the range of 5-8 nm are obtained, it is also 

confirmed that NPs get agglomerated as the concentration of Sm3+ ions is increased 

in CeO2 NPs and finally leads to the crystal growth in 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 samples. 

HRTEM images are also revealed that there is no significance change in the 

interplanar distance (d) for (111) plane of x = 0.00, 0.04, 0.06 and 0.08 doping 

concentrations while for x = 0.02 and 0.10 it is changed and some dislocation can 

also be seen for x = 0.10 Sm-doped CeO2 sample. SAED patterns indicated that 

nano-sized particles are formed with low crystallinity, which is confirmed by the 

broadness of diffraction rings. EDX spectra have confirmed the presence of Ce, Sm 

and O elements nearly in stoichiometric ratio for pure and Sm-doped CeO2 samples. 

Further, from our UV-Vis-NIR spectrum, mainly originated from defect state 

existing extensively between the Ce 4f band and O 2p band, we can say that with the 

Sm-doping in the CeO2 NPs lattice, above the Mott critical density, the increased 

number of free electron concentration lead to fill Ce 4f level partially, which in turn 

blocks the lowest states available for occupancy and led to increase the band gap. 
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Hence up to the Mott critical density, the band gap is found to decrease and above 

this, it starts to increase. Raman spectra are also shown the formation of cubic 

fluorite structure of pure CeO2 and Sm-doped CeO2 samples without any impurity 

phases. Raman results are also further clarifying the presence of oxygen vacancies 

for pure CeO2 NPs, which is found to increase with increasing doping of Sm3+ ions 

(both intrinsic and extrinsic oxygen vacancies) but for further higher doping 

concentrations, it is found to decrease. The I-V characteristics show the 

semiconducting nature of all the samples and the conductivity measurements shows 

that the conductivity of the CeO2 increases with increasing of Sm-content. Finally, 

in this chapter we are able to show controlled band gap, size, grain morphology, 

higher conductivity, controlled extrinsic and intrinsic oxygen vacancies with the RE 

cation Sm-doping in the CeO2 lattice. The size and Sm-doping controlled 

morphologies, microstructure, optical and electrical properties of CeO2 NPs can 

make these NPs suitable alternatives for various applications like luminescent 

materials, oxygen transportation, catalysts, ultraviolet fuel cells, corrosion 

prevention etc. Further control on the density and nature of the oxygen vacancies 

can be used to provide a means to tailor the reactivity of CeO2 catalyst. 
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  CHAPTER 4  

STUDY OF STRUCTURAL, OPTICAL, ELECTRONIC 
STRUCTURE AND MAGNETIC PROPERTIES OF RE 

(Gd3+)-DOPED CeO2 NANOPARTICLES 

 
ABSTRACT 

 Enhanced visible light photocatalytic activity of pure CeO2 and Gd-doped 

CeO2 NPs has been experimentally demonstrated, whereas there are very few reports 

on this mechanism with RE-doping. All pure CeO2 and Gd-doped CeO2 NPs are 

synthesized using co-precipitation method and characterized using XRD, TEM, UV-

Vis-NIR spectroscopy, SERS, X-ray Photoelectron Spectroscopy (XPS), MPMS-3 

SQUID magnetometer. Effect of Gd-doping on properties of CeO2 is discussed 

along with defects and oxygen vacancies generation. The XRD confirms the 

incorporation of Gd3+ at the Ce3+/ Ce4+ site by keeping the crystal structure same. 

The average particle size from TEM images are in the range of 5-7 nm for the 

samples. The XPS spectra of Ce 3d, O 1s and Gd 4d are discussed to report the 

formation of oxygen vacancies to maintain the charge neutrality when Ce4+ changes 

to Ce3+. The gradual increase in hydrogen production is observed with increasing Gd 

concentration. The observed results are found in good correlation with the 

characterisation results and proposed mechanism of water splitting is reported on the 

basis of analyses. The absorption spectra reveal optical band gap 2.5-2.7eV of 

samples, showing band gap narrowing leads to desired optical absorbance and 

photo-activity of NPs.   

 
4.1.  Introduction 

 RE oxide CeO2 has attracted great interest of research due to their unique 

properties, including high oxygen storage capacity and ability to uptake and release 

oxygen (O2-) ions via conversion of oxidation state of cerium ion from Ce4+ to Ce3+, 

due to formation of defect space such as oxygen vacancies in the lattice of CeO2 

[141]. On account of this uniqueness, CeO2 has been widely used as three-way 

catalysts (TWC) for eliminating vehicle exhaust gases [46], UV blocker materials in 

sunscreens, UV-shielding in cotton fabrics [161], functionalize silk fiber for 
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antibacterial activity [162], oxygen sensors [163] and oxygen ion conductors in solid 

oxide fuel cells (SOFCs) [164]. Generally, it has been reported that type of dopant 

strongly influenced the electrical properties of CeO2 and high conductivity at low 

temperature is an essential requirement for SOFCs, therefore, RE-doped CeO2, 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝑅𝑅𝐸𝐸𝑥𝑥𝑂𝑂2−𝛿𝛿  (RE= Sm, Gd, Dy, Er, Lu), are preferable dopants used as 

electrolytes for intermediate-temperature SOFC’s [165, 166]. Alike TiO2, bulk 

cerium dioxide (CeO2) is a wide band gap (3.2 eV) cubic fluorite semiconductor 

[167], which possess the interesting properties such as a high dielectric constant      

(ε = 26), good transparency in the visible range and capacity to exhibit the high 

photocatalytic activity under UV light irradiation. Therefore, CeO2 seems to be a 

promising inorganic material that can be used for the UV filtration in 

sunscreen/cosmetic products [168]. Therefore, to enhance the workability of this 

compound in visible light some kind of structural engineering and doping of heavy 

metal might be done for reducing the band gap of CeO2.  

 
 Among all RE-doped CeO2, Sm and Gd-stabilized CeO2 has been 

extensively studied for utilization as electrolyte and anode material [169, 170]. It has 

been reported that, addition of Sm3+ and Gd3+ cations in CeO2 system produced 

highest conductivity with least distortion of parent lattice, which is attributed to the 

smallest association enthalpy between the dopant cation and oxygen vacancies in the 

CeO2 lattice [171-173]. Besides of dopant type, theoretical and experimental 

observations have also suggested that the ionic conduction can be altered by the 

concentration of dopant [174-177]. Moreover, it is well known that material 

properties changes when particle size reduces to nano-scale, as reported by              

I. Kosacki et al. [178] in their nanocrystalline CeO2 thin film, electrical conductivity 

has found to be enhanced due to reduced enthalpy of oxygen vacancy formation.     

Li et al. [179] have reported increase in catalytic activity as well as in optical and 

magnetic properties of porous Gd3+-doped CeO2 (10 at% Gd) nanostructure due to 

Gd3+ ions or formation of oxygen vacancies. In most of these studies, the local 

ordering of oxygen vacancies on grain boundaries in heavily RE-doped CeO2 

samples has been reported [180-182]. Chen et al. [67] have reported dopant-induced 

structural differences and defects in Sm-doped CeO2 NPs with doping concentration 
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of 3, 5, 7, 9, and 11%. On the basis of their results based on XAS, EXAFS, Raman 

and STEM-EELS measurements they have discussed that below and above 7% 

distribution of defects strongly depend on the concentration of Sm3+ ions in CeO2 

NPs.  

 
 Metal oxide photocatalyst have attracted increasing attention due to their 

potential applications in the environmental protection and energy utilization, such as 

water splitting for hydrogen production. In the Zn-, Mg- and Ca-doped CeO2 

materials the impurities tends to shift the band position and can tune the band gap 

because of their effects on electronic transition [183]. Gd-doped CeO2 is used for 

thermolysis of water that can produce 101.6 H2 (μmol/g) hydrogen [184]. It has been 

demonstrated experimentally that the RE dopants and oxygen vacancies greatly 

influence the photocatalytic properties of CeO2; however, the effect of interaction 

between the RE dopant and the oxygen vacancy defects on visible light 

photocatalytic activity of CeO2 is still not investigated so far.  

 
 Since, there is a lack of literature available on the evidence of the distribution 

of defect study with small doping concentration of RE-doped CeO2 NPs. Hence in 

this study, we systematically explore to develop the correlation between the RE 

dopants, its concentration and oxygen vacancy defects to enhance the photocatalytic 

activity of doped CeO2. To undertake this study we have investigated the structural 

properties, dopant distribution and their association with the oxygen vacancies in 

Gd-doped CeO2 NPs. The CeO2 NPs have been doped with different concentrations 

of Gd3+ ions (2, 4, 6, 8, and 10%) to discuss the presence of defect induced oxygen 

vacancies (either intrinsic or extrinsic) and their association with doped cation with 

SERS measurements. TEM have been used to observe changes in the surface 

morphology and particle size with increased fluencies of Gd3+ ions in CeO2 lattice. 

The optical absorption spectra have been measured using UV-Vis-NIR spectrometer 

to find out the band gap energy. Finally, we have attempted to investigate how 

doping concentration affect the oxygen vacancies and the cation (Ce3+) defects, 

present in the pure CeO2 and Gd-doped CeO2 NPs. These results offer a physical 

understanding for the available experimental results to explain the enhanced 
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photocatalytic activities of Gd-doped CeO2 NPs, which can be useful for designing 

and understanding the novel doped CeO2 photocatalyst.  

 
4.2.  Experimental Details 

4.2.1. Materials for synthesis of NPs 

 Ammonium cerium (IV) nitrate (𝑁𝑁𝐻𝐻4)2𝐶𝐶𝐶𝐶(𝑁𝑁𝑂𝑂3)6 (Alpha Aesar 99.99%), 

Gadolinium (III) nitrate hexahydrate 𝐺𝐺𝐺𝐺(𝑁𝑁𝑂𝑂3)3. 6𝐻𝐻2𝑂𝑂 (Alpha Aesar 99.9%) and 

Sodium hydroxide NaOH. 

 
4.2.2. Material Preparation  

 Nanocrystalline pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (for x = 0.02, 0.04, 0.06, 0.08 

and 0.10) samples were synthesized using co-precipitation method. The appropriate 

stoichiometric amount of (𝑁𝑁𝐻𝐻4)2𝐶𝐶𝐶𝐶(𝑁𝑁𝑂𝑂3)6 and 𝐺𝐺𝐺𝐺(𝑁𝑁𝑂𝑂3)3. 6𝐻𝐻2𝑂𝑂 were used for 

synthesizing 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs. Initially, (𝑁𝑁𝐻𝐻4)2𝐶𝐶𝐶𝐶(𝑁𝑁𝑂𝑂3)6and 𝐺𝐺𝐺𝐺(𝑁𝑁𝑂𝑂3)3. 6𝐻𝐻2𝑂𝑂 

precursor solutions were prepared in distilled water with magnetic stirring at the rate 

of 600 rpm. Then NaOH solution was added drop by drop to this solution until the 

pH level reached about 11. This solution was stirred about 4 hours and then the 

synthesized pale-yellow precipitate was collected. The precipitate was dried at room 

temperature and annealed in the furnace about 500oC for 8 hours. A set of samples, 

i.e. pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (for x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs were 

prepared. The main chemical reactions during the experimental process are as 

follows: 

𝟔𝟔𝟑𝟑𝒂𝒂𝑶𝑶𝑯𝑯(𝑺𝑺) → 𝟔𝟔𝟑𝟑𝒂𝒂(𝒂𝒂𝒂𝒂)
+ +  𝟔𝟔𝑶𝑶𝑯𝑯(𝒂𝒂𝒂𝒂)

−                                                 (𝟒𝟒.𝟏𝟏) 

(𝟑𝟑𝑯𝑯𝟒𝟒)𝟐𝟐𝟐𝟐𝟐𝟐(𝟑𝟑𝑶𝑶𝟑𝟑)𝟔𝟔 →  𝟐𝟐𝟐𝟐(𝒂𝒂𝒂𝒂)
𝟑𝟑+ + 𝟔𝟔𝟑𝟑𝑶𝑶𝟑𝟑 (𝒂𝒂𝒂𝒂)

− + 𝟐𝟐𝟑𝟑𝑯𝑯𝟒𝟒 (𝒂𝒂𝒂𝒂)
+                            (𝟒𝟒.𝟐𝟐) 

𝟔𝟔𝟑𝟑𝒂𝒂(𝒂𝒂𝒂𝒂)
+ +  𝟔𝟔𝟑𝟑𝑶𝑶𝟑𝟑 (𝒂𝒂𝒂𝒂)

− → 𝟔𝟔𝟑𝟑𝒂𝒂𝟑𝟑𝑶𝑶𝟑𝟑 (𝒂𝒂𝒂𝒂)                                             (𝟒𝟒.𝟑𝟑) 

𝟐𝟐𝟑𝟑𝑯𝑯𝟒𝟒 (𝒂𝒂𝒂𝒂)
+ +  𝟐𝟐𝑶𝑶𝑯𝑯(𝒂𝒂𝒂𝒂)

− → 𝟐𝟐𝟑𝟑𝑯𝑯𝟑𝟑 (𝒈𝒈) ↑ + 𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶(𝒂𝒂𝒂𝒂)                                (𝟒𝟒.𝟒𝟒) 

𝟐𝟐𝟐𝟐(𝒂𝒂𝒂𝒂)
𝟑𝟑+ +  𝟒𝟒𝑶𝑶𝑯𝑯(𝒂𝒂𝒂𝒂)

− +  𝒆𝒆𝑯𝑯𝟐𝟐𝑶𝑶(𝒂𝒂𝒂𝒂)  → 𝟐𝟐𝟐𝟐(𝑶𝑶𝑯𝑯)𝟒𝟒 ∙ 𝒆𝒆𝑯𝑯𝟐𝟐𝑶𝑶(𝒔𝒔) ↓                           (𝟒𝟒.𝟓𝟓) 

𝟐𝟐𝟐𝟐(𝑶𝑶𝑯𝑯)𝟒𝟒 ∙ 𝒆𝒆𝑯𝑯𝟐𝟐𝑶𝑶(𝑺𝑺)
𝒂𝒂𝒂𝒂 𝑹𝑹𝑻𝑻
�⎯⎯�  𝟐𝟐𝟐𝟐(𝑶𝑶𝑯𝑯)𝟒𝟒(𝒔𝒔) +  𝒆𝒆𝑯𝑯𝟐𝟐𝑶𝑶(𝒈𝒈) ↑                                (𝟒𝟒.𝟔𝟔) 

𝟐𝟐𝟐𝟐(𝑶𝑶𝑯𝑯)𝟒𝟒(𝒔𝒔)  
𝟓𝟓𝟏𝟏𝟏𝟏℃
�⎯⎯�  𝟐𝟐𝟐𝟐𝑶𝑶𝟐𝟐 (𝒔𝒔) +  𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶(𝒈𝒈)                                         (𝟒𝟒.𝟕𝟕) 
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The complete chemical reaction can be combined as: 

(𝟑𝟑𝑯𝑯𝟒𝟒)𝟐𝟐𝟐𝟐𝟐𝟐(𝟑𝟑𝑶𝑶𝟑𝟑)𝟔𝟔 +  𝟔𝟔𝟑𝟑𝒂𝒂𝑶𝑶𝑯𝑯 →  𝟐𝟐𝟐𝟐(𝑶𝑶𝑯𝑯)𝟒𝟒 +  𝟔𝟔𝟑𝟑𝒂𝒂𝟑𝟑𝑶𝑶𝟑𝟑 +  𝟐𝟐𝟑𝟑𝑯𝑯𝟑𝟑 +  𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶          (𝟒𝟒.𝟖𝟖) 

𝟐𝟐𝟐𝟐(𝑶𝑶𝑯𝑯)𝟒𝟒  → 𝟐𝟐𝟐𝟐𝑶𝑶𝟐𝟐 +  𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶                                               (𝟒𝟒.𝟗𝟗) 

 
 The final chemical reaction for the growth of various concentrations (x = 

0.02, 0.04, 0.06, 0.08 and 0.10) of dopant Gd-ions in CeO2 lattice are as follows: 

(𝟏𝟏 − 𝒆𝒆)[(𝟑𝟑𝑯𝑯𝟒𝟒)𝟐𝟐𝟐𝟐𝟐𝟐(𝟑𝟑𝑶𝑶𝟑𝟑)𝟔𝟔] + 𝒆𝒆[𝐆𝐆𝐆𝐆(𝐍𝐍𝑶𝑶𝟑𝟑)𝟑𝟑 ∙ 𝟔𝟔𝐇𝐇𝟐𝟐𝐎𝐎] +  𝟔𝟔𝟑𝟑𝒂𝒂𝑶𝑶𝑯𝑯 →  𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶 

               +𝐌𝐌𝐜𝐜𝐥𝐥𝐌𝐌𝐜𝐜𝐌𝐌𝐥𝐥𝐌𝐌𝐌𝐌 𝐥𝐥𝐌𝐌𝐬𝐬𝐌𝐌𝐬𝐬 ↑  (𝟒𝟒.𝟏𝟏𝟏𝟏) 

 
4.2.3. Nanomaterials Characterization 

 The structural properties of all the samples were characterized using XRD 

measurements on a Brucker D8 Advance diffractometer with Cu Kα radiation  

(λ= 1.5406 Å). The diffraction patterns were recorded at room temperature in the 2θ 

range from 10o to 90o. The surface morphology, particle size and crystallinity of the 

samples were studied using TEM with Technai G2 20 S-TWIN (FEI Netherlands) 

instrument operating at an accelerating voltage of 200 kV. Samples for the TEM 

investigation were prepared by dispersing the nanopowder in ethanol using an 

ultrasonicator to produce a dilute suspension. Then a standard holey carbon film 

supported on Cu grid was immersed in the suspension to produce the TEM sample. 

The particle size distribution was calculated for a total 150 number of particles using 

image-j software for TEM images. The optical characterizations were carried out by 

using SERS. For collecting Raman spectra, SERS of make Thermo Scientific 

DXRxi Raman Imaging Microscope with Charge Injection device (CID) detector 

using green laser with 532 nm excitation light source with its power kept at 10mW 

were used. The UV-Vis-NIR absorbance spectra on the samples in the wavelength 

range of 200-1000 nm with BaSO4 as standard were recorded employing a 

Shimadzu UV-3600 Plus spectrophotometer with an integrating sphere. XPS spectra 

were recorded on a ultrahigh vacuum based Omicron Multiprobe Surface analysis 

System (Germany, Gmbh) operating at a base pressure of 5×10-11 Torr. Mg Kα 

radiation source (with energy of 1253.6 eV) was used for data acquisition. An 

OMICRON EA125 hemispherical analyser equipped with a 7 channeltron parallel 
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detection unit was used to collect the XPS spectra. The calibration of binding energy 

in photoemission spectra was done referring to standard Au 4f7/2 emission line with 

energy resolution of ~0.9 eV FWHM on Au 4f7/2 with pass energy of 20 eV during 

the measurement. The XPS core level data were analysed after necessary carbon 

corrections for the Fermi energy referencing. The magnetic properties of the samples 

were investigated at room temperature using a Quantum Design MPMS-3 SQUID 

system. The magnetization measurements were conducted by varying the applied 

field from -1.5 T to +1.5 T. 

 
 Photocatalytic cleavage of the water for hydrogen generation was carried out 

using the powder of photocatalytic molecular device (0.3 g powder of Pt/CeO2 or 

Pt/𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 or CeO2 or 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2) that was suspended in 120 mL of aqueous 

hole-scavenger electrolyte (20% CH3OH; pH=7.0) in a reaction cell, under the 

irradiation of 1 Sun (100 mW/cm2, AM1.5 G) visible light. The powder of the 

photocatalyst (0.2 g with and without Pt loading) was suspended in 120 mL of 

aqueous electrolyte (20% CH3OH pH=7.0) in a double walled- Pyrex glass reaction 

cell (volume ~150 mL, with water jacket) that was sealed with a rubber septum and 

plastic wire lock [185, 186]. Prior to start the photochemical reaction, the suspension 

was continuously purged with Ar for 1 hour by maintaining the 1 atm pressure of the 

inner jacket solution for expelling the air content from the solution. Circulating 

water bath is used to maintain the temperature of the outer jacket at 25oC. 

Afterwards, the suspension was irradiated with a   300 W Xe lamp (>420 nm, light 

intensity 1×1022 photons per hour Xe lamp-HX1, Model PE300UV, ISS). All the 

experiments were carried out under ambient conditions. Photocatalytic responses 

were hourly monitored in terms of the amount of hydrogen generated at 1-4 hour 

time intervals. Hydrogen gas has very small density and not soluble in water. 

Therefore, the evolved hydrogen was collected into the inverted gas collection 

graduated bottle by displacement of water from a container. The collected gas was 

checked with the gas chromatograph (Shimazdu, Japan, thermal conductivity 

detector and molecular sieve with 5 A columns) throughout the course of the 

reaction.   
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4.3.  Results and Discussion 

4.3.1. Structural Properties  

4.3.1.1. XRD analysis 

 XRD measurements have been made on pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2  

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs at room temperature are shown in Figure 

4.1. Pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs samples 

exhibits fundamental Bragg reflections corresponding to the fluorite type face 

centered cubic  structure  in the space group of Fm-3m, in which Ce and Gd atoms 

are  located at 4a position, surrounded by eight O (located at 8b) positions [123]. 

Absence of any secondary phase corresponding to Gd2O3 or other impurity peaks 

indicates well incorporation of Gd3+ ions on CeO2 lattice site, which confirms the 

single phase formation of all the 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs. The intensity of XRD peaks are 

found to vary with incorporation of Gd3+ ions in CeO2 NPs (as shown in Figure 4.1). 

 
 The rising intensity signifies an improvement in the crystalline nature while 

falling intensity signifies low crystallinity of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 samples [125]. Moreover, 

with fluency of Gd3+ ions, no peak shifting is observed for x = 0.02 doping 

concentration, whereas with increasing concentration (for x = 0.04 and 0.06) 

diffraction peak (111) is shifted towards higher angle side (as shown inset of Figure 

4.1). For higher doping concentrations (x = 0.08 and 0.10), peak is shifted towards 

lower angle side. This shifting of (111) peak towards lower and higher angle side is 

attributed to the lattice expansion and reduction, respectively, which is induced by 

incorporation of Gd3+ ions in CeO2 NPs [126]. 

 
 Furthermore, it can be seen in Figure 4.1, diffraction peaks becomes broader 

after doping and broadness of peaks are also observed to change with fluency of 

Gd3+ ions in CeO2 NPs, indicating that particle size and crystallinity of the samples 

is affected with the fluencies of Gd3+ ions. The average particle size (D) of pure 

CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs samples have been 

calculated with XRD diffraction spectra using the Debye Scherrer’s formula [87]: 

𝑫𝑫 =
𝒌𝒌 𝒏𝒏

𝜷𝜷 𝒄𝒄𝒐𝒐𝒔𝒔𝜽𝜽
                                                                      (𝟒𝟒.𝟏𝟏𝟏𝟏) 

 Where, all the parameters are as per the details given in the Ref. [173].  
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Figure 4.1: XRD pattern of pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (for x = 0.02, 0.04, 

0.06, 0.08, and 0.10) samples  

 
 The lattice parameters of all the samples corresponding to (111) diffraction 

peak can also be calculated by the following formula [88]: 

 𝒂𝒂 = 𝟐𝟐 (𝒉𝒉𝟐𝟐 + 𝒌𝒌𝟐𝟐 + 𝒍𝒍𝟐𝟐)𝟏𝟏 𝟐𝟐⁄                                                   (𝟒𝟒.𝟏𝟏𝟐𝟐) 

 Where, ‘a’ refers to the lattice parameter, d is the crystalline lattice spacing 

and h, k, l, are the miller indices of crystal.  

 
 Rietveld profile refinements (shown in Figure 4.2) of all the samples are 

carried out and the results are listed in the Table 4.1. The Refinement results clearly 

indicate that Gd ions are well incorporated in the CeO2 matrix and Gd-doping in 

CeO2 leads to small enhancement in the unit-cell volume. Table 4.1 shows 

calculated values of lattice parameter with fluency of Gd3+ ions in CeO2 NPs, which 

indicates that the larger ionic radii Gd-dopant ions are affecting the lattice 

parameter. Since, the larger ionic radii Gd3+ (0.1053 nm) ions are substituted for the 

smaller ionic radii Ce4+ (0.097 nm) ions and created the larger radii Ce3+ ions   

(0.114 nm) [128]. Furthermore, for maintaining charge neutrality in CeO2 lattice, 

Gd3+ and Ce3+ ions are collectively created oxygen vacancies in the CeO2 lattice, 

which causes further lattice expansion [126]. 
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Table 4.1: Calculated values of lattice parameter (a), lattice spacing (d) for (111) plane, average crystalline size (D) measured from 

TEM, XRD line broadening and Raman line broadening, dislocation density (δ), lattice strain (ε), absorbance wavelength (λ), 

optical band gap energy (Eg) and refractive index (n) are summarized in the table. 

Sample 

Parameters 

a 
 (Å) 

d  
(nm) 

D (nm) 
δ= 𝟏𝟏

𝑫𝑫𝟐𝟐
 (nm-2) [134] ε= 𝜷𝜷 𝐜𝐜𝐜𝐜𝐬𝐬𝜽𝜽

𝟒𝟒
×10-2 [130,131] 

λ 

(nm) 

Eg 

(eV) 
n 

TEM XRD Raman spectra 

Pure CeO2 5.436 0.318 5.55 9.21 10.9 0.0324 3.88 367 2.60 2.51 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 5.433 0.307 5.27 6.95 7.52 0.0360 8.60 363 2.66 2.49 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 5.392 0.318 6.44 7.10 6.45 0.0241 8.89 359 2.71 2.48 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 5.394 0.316 7.47 6.51 6.07 0.0179 7.82 365 2.67 2.49 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 5.393 0.324 5.55 6.22 5.66 0.0324 14.18 368 2.64 2.50 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 5.398 0.312 6.34 6.26 5.06 0.0248 9.11 371 2.52 2.54 
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Figure 4.2:  Refined and fitted X-ray diffraction patterns of pure CeO2 
and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) at 300 K. Observed 
(calculated) profiles are shown by dotted (solid) lines. The short vertical marks 
represent Bragg reflections. The lower curve is the difference plot.  
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 It is clear from the Table 4.1, the dislocation density is found to increase for 

x = 0.02 doping concentration but decreases for x = 0.04 and 0.06, which is again 

increased for x = 0.08 and decreased for x = 0.10 doping concentrations of Gd3+ 

cation. This variation in dislocation density is related to the promotion and reduction 

of disorder in the crystal structure [125]. 

 
 Looking to the Table 4.1, the values of strain indicates tensile strain for Gd-

doped CeO2 NPs. Due to incorporation of Gd3+ (0.1053 nm) ions in CeO2 NPs, the 

maximum value of strain is for x = 0.08 doping concentration. Some theoretical 

investigation revealed that tensile strain promotes the formation of oxygen vacancies 

rather than compressive strain [132]. Therefore, in Gd-doped CeO2 samples, 

increased value of tensile strain could be directly related to the endorsement of 

oxygen vacancies in doped CeO2 samples, which may be associated to the bonding 

length and the strength between the surface O and Ce atoms [133]. Since, for tensile 

strain, the bandwidth of the O 2p orbital decreases and overlapping between O 2p 

and Ce 5d as well as 4f orbital also decreases, which leads a weaker Ce-O bond and 

responsible for the formation of oxygen vacancies in doped CeO2 system [132]. The 

crystallinity, morphology and particle size of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 samples 

are discussed in the next segment by TEM, HRTEM and SAED images.  

  
4.3.1.2. Surface Morphology 
 The average crystallite particle size of all the samples is confirmed by 

electron microscopy investigations. TEM measurement is used to manifest the 

information about the shape, size and the presence of any secondary phase in pure 

CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs. The particle size and morphology of pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs are analyzed by TEM as shown in Figure 4.3. From TEM 

analysis, it is observed that the particles are crystallized nanoparticles and 

agglomerated with spherical morphology. The average particle size calculated from 

TEM images are ranging from 5-7 nm for pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs, which 

are in good agreement with the results obtained from Debye Scherrer’s formula 

(listed in Table 4.1). It can be observed from TEM images that crystal growth is 

promoted with doping concentration of Gd-ions. However, the morphology of all the 

samples are not changing but the agglomeration of particles is increased with the 

doping concentration of Gd-ions (as shown in Figure 4.3).  
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Figure 4.3: TEM image for (a) Pure CeO2, (b) 2% Gd-doped CeO2, (c) 4% Gd-Doped CeO2, (d) 6% Gd-doped CeO2, (e) 8%  

Gd-doped CeO2, (f) 10% Gd-doped CeO2 and inset histogram graphs shows the particle size of the corresponding sample.
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 The particle size distribution histogram (shown in the inset of Figure 4.3) 

shows that the distribution is quite narrow in the size range of 5-7 nm for pure CeO2 

and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs. This agglomeration of particles with smaller particle-size  

(<7 nm) indicates that the obtained particles are nano-crystalline. Furthermore, 

HRTEM and SAED are also used to decipher the information about the nano-

crystallinity and impurity phases, if any present in pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs. 

HRTEM images (shown in Figure 4.4) indicate that the lattice fringes are well 

developed and randomly oriented with respect to each other. Most of the lattice 

fringes of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 samples are about at a distance of 0.31 nm 

(values are tabulated in Table 4.1) that corresponding to the (111) lattice plane of the 

fluorite like cubic structure. 

 
 As shown in Table 4.1, no significant change is observed in the interplanar 

distance (d) for Gd-doped CeO2 samples but for 8% Gd-doped CeO2 sample, the  

interplanar distance (d = 0.32 nm) is slightly increased, which again promotes the 

crystal growth and indicates the low crystallinity. Some defects, such as dislocations 

(shown in Figure 4.4(c) and 4.4(d), marked with a red ring) are also observed in the 

HRTEM micrograph of 4% and 6% Gd-doped CeO2 samples. Moreover, SAED 

patterns are also taken (shown in the insets of Figure 4.4) for Gd-doped CeO2 

samples. SAED pattern exhibits four broad rings, which could be attributed to (111), 

(200), (220) and (311) planes. These rings indicate that the particles are crystallized 

and diffraction rings are very well matched with the XRD measurement results. The 

fluency of Gd3+ ions in CeO2 NPs also affect the optical band gap energy, which is 

further discussed in the next segment by UV-Vis-NIR spectroscopy. 
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Figure 4.4: HRTEM images with d-spacing corresponding to (111) plane for (a) Pure CeO2 (b) 2% Gd-doped CeO2 (c) 4%  

Gd-doped CeO2 (d) 6% Gd-doped CeO2 (e) 8% Gd-doped CeO2 (f) 10% Gd-doped CeO2 and inset shows the SAED pattern of 

corresponding sample. 
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4.3.2. Optical Properties 

4.3.2.1. UV-Vis-NIR analysis 

 Figure 4.5(a) shows the UV-visible absorption spectra of pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples. These samples exhibit a 

strong absorption below 400 nm with an absorption peak in UV-range 

corresponding to the different doping concentration of Gd3+ ions in CeO2 NPs as 

tabulated in the Table 4.1. These peaks are originated due to direct charge transfer 

from 2p valance band of O2- to 4f conduction band of Ce4+ ions [187]. It is well 

known that CeO2 has wide band gap semiconductor with a forbidden gap of 5.5 eV 

[188].  The valance band consists of O 2p level with a width of 4 eV and conduction 

band consist of Ce 5d level. Ce 4f level is present in between these two states, just 

above the Fermi level, that lies about 3eV higher than the valance band (O 2p) [189]. 

 
 Hence, there is direct recombination of the electrons in Ce4+ (4f) conduction 

band with the holes in the O2- (2p) valance band. It can be seen from Figure 4.5(a), 

the absorbance peak is obtained at 367 nm for pure CeO2 but after incorporation of 

Gd3+ ions peak is shifted towards lower wavelength (blue-shift) up to optimal 

doping concentration x = 0.04, while for further fluencies, x = 0.06 to 0.10, peak is 

shifted towards higher wavelength (red-shift) side. It has been reported that when 

metal NPs are forming smaller size particles, the λmax shifts towards shorter 

wavelength (blue shift) side, whereas, when the smaller particles aggregate to form 

bigger/larger size particles, the λmax value shifts towards longer wavelength (red 

shift) side [190]. This may indicate that smaller sized particles has been formed up 

to doping concentration (x = 0.04), while with increasing fluencies of Gd-ions  

(for x = 0.06 to 0.10) in CeO2 NPs, these smaller sized particles are agglomerated  

(as shown in Figure 4.3).  
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Figure 4.5: (a) Room temperature optical absorbance spectra of pure CeO2 and 
𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples taken in the UV-
visible range. (b) Tauc’s plot of (αhυ)2 versus Energy for the pure CeO2 and 
Gd-doped CeO2 samples.  
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 As, C. Hu et al., reported that the agglomeration of nanoparticles occurs 

because nanoparticles have a tendency to decrease the exposed surface in order to 

lower the surface energy, which results decreases in particle size with strong 

agglomeration [191]. Furthermore, blue shifting in the absorption spectra with the 

fluency of Gd3+ ions in CeO2 NPs can be due to change of Ce4+ to Ce3+ state, that 

increases the direct charge transfer transition gap between O 2p and Ce 4f bands and 

reduces the particle size [179, 192]. In addition of that the average particle size 

obtained from TEM images for Gd-doped CeO2 NPs is in the range of 5-6 nm at 

lower doping concentration (x = 0.02 and 0.04), which is smaller than the 

predictable Bohr exciton radius for CeO2 (7-8 nm) [179, 136]. Therefore, the 

quantum confinement effect may also be taken place that contributes to the blue shift 

of the absorption spectra with small fluencies of Gd-ions in CeO2 NPs. Generally, 

quantum confinement effect results when the Bohr radius of an exciton approaches 

the grain or particle size, spatially confining the electron-hole pair. When this 

happens, the energy of the lowest excited state increases and the increased band gap 

produces a blue shift in the absorption spectra. Now at the higher fluencies (for        

x = 0.06 to 0.10) of Gd3+ ions, the contribution of blue shifting from Ce4+ to Ce3+ 

valance state change will become small. Therefore, red shifting is occurred in the 

absorption spectra for x = 0.06, 0.08 and 0.10 doping concentrations of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 

sample. This red shifting may be the outcome of an interfacial polaron effect arising 

from electron-phonon coupling phenomenon [193, 194]. Form all above absorption 

data, the band gap energy (Eg) of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 

0.08, and 0.10) NPs have been calculated using Tauc’s equation:  

𝜶𝜶𝒉𝒉𝒉𝒉 = 𝑨𝑨 (𝒉𝒉𝒉𝒉 − 𝑬𝑬𝒈𝒈)𝒏𝒏                                                 (𝟒𝟒.𝟏𝟏𝟑𝟑)                                                     

 
 Where, all the parameters have their usual meaning. For direct transition       

n =1/2 and for n =2 for indirect transition [135]. Figure 4.5(b) displays the measured 

values of (αhν)2 as a function of the incident photon energy (hν). Table 4.1 contains 

the calculated value of band gap energy (Eg) of all samples. Pure CeO2 NPs shows 

band gap energy of 2.60 eV that is smaller than the band gap energy reported for 

bulk CeO2 i.e. 3.15 eV [137]. This decrease in band gap energy may be attributed 

due to increase in the concentration of Ce3+ states on grain boundaries. Moreover, 

the optical band gap energy is found to increase for low fluency of Gd3+ ions (for     
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x = 0.02 and 0.04) in CeO2 NPs while it decreases subsequently with increasing 

fluencies of Gd3+ ions (for x = 0.06 to 0.10) in CeO2 NPs (as shown in Table 4.1). 

This blue shift in the band gap energy at lower doping concentration (for x = 0.02 

and 0.04) of Gd3+ ions may be correlated with the decrease of Ce3+ concentration as 

well as oxygen vacancies during annealing process. This may eliminate some 

localized defect energy states within the band gap due to the corresponding decrease 

of vacancies content, which results increase in the band gap energy [195]. Another 

reason for explaining the increase in band gap energy may be correlated with the 

Burstein-Moss (BM) shift [137], 

∆𝑬𝑬𝒈𝒈𝑩𝑩𝑩𝑩 = 𝒉𝒉𝟐𝟐

𝟐𝟐𝒏𝒏𝒗𝒗𝒄𝒄
∗  (𝟑𝟑𝟑𝟑𝟐𝟐𝒏𝒏𝟐𝟐)𝟐𝟐 𝟑𝟑⁄                                            (𝟒𝟒.𝟏𝟏𝟔𝟔)                                              

  
 Here, 𝑆𝑆𝑣𝑣𝑣𝑣

∗  is effective mass of electrons, 𝐿𝐿𝐶𝐶  is the electron concentration and 

h is the Planck’s constant. Now, according to BM effect, above the Mott critical 

density, the increased number of free electron concentration is leading to fill 4f level 

partially, which in turn blocks the lowest states and led to band gap widening [137, 

196]. With incorporation of Gd3+ ions into CeO2 sample, the crystalline size is 

reduced (as shown in Table 4.1). Therefore, the charge carriers are more confined in 

the small sized particles, which in turn increasing the band gap energy at lower 

doping concentration of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs. This implies that, both particle size and 

BM effect results in the increase in band gap energy. Besides that, the red shift in 

band gap energy with higher fluencies of Gd3+ ions (x = 0.06, 0.08 and 0.10) is 

caused with the existence of Ce3+ contents at the grain boundaries, which increases 

with decreasing particle size [197]. The refractive index of pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) NPs have been calculated by 

using the following formula [140]:  

𝒏𝒏𝟐𝟐 − 𝟏𝟏
𝒏𝒏𝟐𝟐 + 𝟐𝟐

 = 𝟏𝟏 − �
𝑬𝑬𝒈𝒈
𝟐𝟐𝟏𝟏

                                                    (𝟒𝟒.𝟏𝟏𝟕𝟕)  

 
 The obtained values for the refractive index of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 

(x = 0.02, 0.04, 0.06, 0.08, and 0.10) NPs are tabulated in the Table 4.1. These 

values indicates that the refractive index is found to decrease with fluency of Gd-

ions up to optimal doping concentration of  x = 0.04, whereas it is increased for 

further fluencies (x = 0.06, 0.08 and 0.10) of Gd3+ ions in CeO2 NPs.  
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Figure 4.6: Variation of refractive index and bang gap energy with Gd-doping 

concentration in pure CeO2 sample. 

 
 The variation in the refractive index and band gap energy has been shown in 

Figure 4.6 with different concentration of Gd-ions in CeO2 NPs. Therefore,  

absorption of UV light at low concentration of Gd-ions (x = 0.02 and 0.04) in CeO2 

NPs has been increased due to reduction of particle size as well as refractive index, 

whereas, due to increasing doping concentration the transparency and UV protection 

qualities are decreased [39].  

 
4.3.2.2. Raman Analysis 

 SERS is a powerful vibrational technique which allows for highly sensitivity 

structural detection of low concentration analyses through the amplification of 

electromagnetic fields generated by the excitation of localized surface plasmons 

[198]. SERS provides the same information as traditional Raman spectroscopy does, 

but with enhanced signals. It can easily detect additional modes that cannot be 

observed in the traditional Raman spectrum. Therefore, SERS has been used for 

getting information of different modes presented in pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2     

(x = 0.02, 0.04, 0.06, 0.08, and 0.10) NPs samples. 
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Figure 4.7: Raman spectra of pure CeO2 and Gd-doped CeO2 NPs. Inset (a) 

and (b) of figure contains the enlarge views of their corresponding Raman 

spectra in the 430-500 cm-1 energy range related to F2g mode and 500-650 cm-1 

range related to oxygen defects, respectively. 

 
 Figure 4.7 shows Raman active (F2g) mode for pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples, at 463.3 cm-1 and in the range of 

461.4-459.5 cm-1, respectively, which is assigned for first-order scattering [199]. 

This Raman active mode is attributed to a symmetrical stretching mode of Ce-O8 

vibration unit. Therefore, this mode is very sensitive for any disorder in the oxygen 

sub lattice results from non-stoichiometry of CeO2 [200]. We can see from Figure 

4.7, the absence of characteristic band for Gd2O3 (360 cm-1) that confirms the 

absence of any impurity phase in the lattice, in agreement with XRD results [150, 

151]. F2g mode corresponding to pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 is slightly shifted 

towards lower wavenumber side (or lower energy side) and broadening in its 
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FWHM can also be observed with doping fluencies of Gd3+ ions in CeO2 sample. 

These structural changes in Raman spectra with Gd-doping is attributed to the 

inhomogeneous strain and defects caused by substitution at the smaller radii Ce4+ 

(0.097 nm) site by larger ionic radii Gd3+ (0.1053 nm) ions [157]. In addition of F2g 

mode, weak intensity second-order Raman peaks are also obtained at 598.5 cm-1 and 

595.6 cm-1 for pure CeO2 and 2% Gd-doped CeO2, respectively, generated due to 

non degenerated longitudinal optical (LO) mode [158]. These peaks are assigned to 

defect space that include intrinsic oxygen vacancies due to non-stoichiometry of 

CeO2. The three possible defect induced mechanism for oxygen vacancies in pure 

CeO2 sample can be given as [146]: 

𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 + 𝟐𝟐𝑶𝑶𝑶𝑶 → 𝑽𝑽"" + 𝟐𝟐𝑽𝑽𝑶𝑶∙∙ + 𝟐𝟐𝟐𝟐𝑶𝑶𝟐𝟐                                          (𝟒𝟒.𝟏𝟏𝟖𝟖)                                              
                                                            

𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐 → 𝑽𝑽𝟐𝟐𝟐𝟐"" + 𝟐𝟐𝟐𝟐𝒊𝒊∙∙∙∙                                                       (𝟒𝟒.𝟏𝟏𝟗𝟗)                                                                                                                                                                                                                  
                                                              

𝑶𝑶𝑶𝑶 → 𝑽𝑽𝑶𝑶∙∙ + 𝑶𝑶𝒊𝒊
"                                                              (𝟒𝟒.𝟐𝟐𝟏𝟏)                                                              

  
 Since, these peaks are generated for maintaining the electrically neutrality in 

the system, therefore all Ce-ions not only shows Ce4+ state but also Ce3+ state. For 

doing so, oxygen (O2-) ions are released from the structure and finally oxygen 

vacancies are formed in the system. The intensity of this peak is increased with 

incorporation of Gd-ions indicates the rise of oxygen vacancies in CeO2 lattice. With 

increasing the fluency of Gd-ions, two weak second-order Raman modes in the 

range of 554.3-558 cm-1 and 598-600.1 cm-1 are also obtained (as shown in the inset 

(b) of Figure 4.7). The Raman mode in the range of 554.3-558 cm-1 is related to the 

extrinsic oxygen vacancies, which are generated due to charge compensating defects 

due to substitution of Ce4+ ions by Gd3+ ions. The possible disorder mechanism for 

extrinsic oxygen vacancies in 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) 

NPs can be given as [153]:  

𝑮𝑮𝟐𝟐𝟐𝟐𝑶𝑶𝟑𝟑 + 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝒆𝒆 + 𝑶𝑶𝑶𝑶
𝒆𝒆 → 𝟐𝟐𝑮𝑮𝟐𝟐𝟐𝟐𝟐𝟐′ + 𝑽𝑽𝑶𝑶∙∙ + 𝟐𝟐𝟐𝟐𝟐𝟐𝑶𝑶𝟐𝟐                         (𝟒𝟒.𝟐𝟐𝟏𝟏)                                 

 
 Where symbols have following meaning as; 𝐶𝐶𝐶𝐶𝑣𝑣𝐶𝐶𝑥𝑥  and 𝐺𝐺𝐺𝐺𝐶𝐶𝐶𝐶′  are Ce4+ and 

Gd3+ ions on the CeO2 lattice site, respectively, 𝑂𝑂𝑂𝑂𝑥𝑥  is 𝑂𝑂−2 ions on an oxygen lattice 

site, and 𝑉𝑉𝑂𝑂∙∙ is neutral oxygen vacancy site. In addition, another vacancy peak can 
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also be observed in the range of 598-600.1 cm-1, which is assigned to the defect 

space including intrinsic oxygen vacancies due to reduction of Ce4+ to Ce3+ i.e. non-

stoichiometry of CeO2 [146]. The possible disorder reaction for intrinsic oxygen 

vacancies in the sample can be given as [156]: 

 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝒆𝒆 + 𝑶𝑶𝑶𝑶
𝒆𝒆 → 𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐𝟐′ + 𝑽𝑽𝑶𝑶∙∙ + 𝟏𝟏 𝟐𝟐⁄ 𝑶𝑶𝟐𝟐(𝒈𝒈)                                  (𝟒𝟒.𝟐𝟐𝟐𝟐)                                    

 
 Where symbols have following meaning as; 𝐶𝐶𝐶𝐶𝑣𝑣𝐶𝐶𝑥𝑥  and 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶′  are Ce4+ and Ce3+ 

ions on the Ce lattice site, respectively, 𝑂𝑂𝑂𝑂𝑥𝑥  is 𝑂𝑂−2 ions on an oxygen lattice site, and 

𝑉𝑉𝑂𝑂∙∙ is neutral oxygen vacancy site [141]. As shown in the inset (b) of Figure 4.7, the 

intensity of intrinsic and extrinsic oxygen vacancies mode increases with doping 

fluency up to x = 0.04. With further increase in fluency, the intensity of this mode 

decreases and then again increases at x = 0.10 concentration. The variation of 

intensity of vacancy mode is related to the concentration of oxygen vacancies. The 

quantitative estimation of oxygen vacancies of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 samples 

are made from the relative peak area of vacancy modes (intrinsic and extrinsic) with 

area of F2g mode. For doing so, Lorentzian fitting is done for measuring the peak 

area of the respected peaks. All calculated values are tabulated in Table 4.2, which 

indicates an increment in the concentration of oxygen vacancies with fluency of   

Gd-ions up to x = 0.08 (i.e. maximum in this range) and then slightly decreased at          

x = 0.10 concentration. The increment in the concentration of oxygen vacancies can 

be explained by considering, with incorporation and rising fluency of large radii 

Gd3+ ions (0.1053 nm), the dislocation density as well as strain has been increased 

up to x = 0.08 doping concentration in CeO2. Due to this reason every two Gd3+ ions 

substituted the smaller radii Ce4+ (0.097 nm) ions increases the probability of 

oxygen ion (O2-) to leave the CeO2 lattice to maintain electrical neutrality in the 

lattice and creates more oxygen vacancies (as shown in Figure 4.8) [154]. In 

addition to that, pure CeO2 and Gd-doped CeO2 samples also exhibit one more extra 

weak second-order Raman mode at 1064.9 cm-1 and in the range of 1173.9-1175.3 

cm-1, (as shown in Table 4.2), which are assigned to 2LO mode that emanate from 

the second order scattering of the surface superoxide species (𝑂𝑂2
−), and has small 
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additional contribution from F2g symmetry (which is not mentioned in Figure 4.7) 

[199, 141]. 

 
 The particle size of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 samples has been being 

calculated from Raman spectra using the equation: 

𝜞𝜞 (𝒄𝒄𝒏𝒏−𝟏𝟏) = 𝟏𝟏𝟏𝟏 + �
𝟏𝟏𝟐𝟐𝟒𝟒.𝟕𝟕
𝑫𝑫

�  𝒏𝒏𝒏𝒏                                (𝟒𝟒.𝟐𝟐𝟑𝟑) 

 
 Where, Γ (cm-1) is FWHM of Raman active (F2g) mode and D is particle size 

of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 samples [158, 159]. The calculated particle size from 

Raman spectra is in good agreement with the particle size calculated from XRD and 

TEM images (as shown in Table 4.1). The quantitative estimation of the overall 

concentration of oxygen vacancies have been made by the peak area of the oxygen 

vacancies 𝐴𝐴𝑂𝑂𝑣𝑣  corresponding to 598.5 cm-1 and 595.6 cm-1 for pure CeO2 and 2% 

Gd-doped CeO2. The relative ratios of 𝐴𝐴(𝑂𝑂𝑣𝑣)1
, 𝐴𝐴(𝑂𝑂𝑣𝑣)2

 and 𝐴𝐴𝐹𝐹2𝑔𝑔bands, which are 

corresponding to 554.3-558 cm-1, 598-600.1 cm-1 and for F2g band is also calculated 

to estimate the oxygen vacancies concentration for further doping concentrations of 

Gd for 4% onwards. The calculated values are shown in Figure 4.8. 
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Table 4.2: The Position of Raman active modes (cm-1) from Raman spectra and relative peak area ratio 

Sample 

Position of Raman active mode (cm-1) and Vibrational Mode 

𝑨𝑨𝑶𝑶𝒗𝒗  
𝑨𝑨𝑭𝑭𝟐𝟐𝒈𝒈
�  (𝑨𝑨(𝑶𝑶𝒗𝒗)𝟏𝟏

 +  𝑨𝑨(𝑶𝑶𝒗𝒗)𝟐𝟐
)

𝑨𝑨𝑭𝑭𝟐𝟐𝒈𝒈
 

First-order Scattering Second-order Scattering[142,147] 

𝑭𝑭𝟐𝟐𝒈𝒈 

 

𝑨𝑨𝟏𝟏𝒈𝒈 

(𝑶𝑶𝒗𝒗) 

 

𝑨𝑨𝟏𝟏𝒈𝒈 + 𝑭𝑭𝟐𝟐𝒈𝒈 

(𝑶𝑶𝒗𝒗)𝟏𝟏 

𝑨𝑨𝟏𝟏𝒈𝒈 + 𝑬𝑬𝒈𝒈 + 𝑭𝑭𝟐𝟐𝒈𝒈 

(𝑶𝑶𝒗𝒗)𝟐𝟐 
𝟐𝟐𝟐𝟐𝑶𝑶 

Pure CeO2 463.3 598.5 - - 1064.9 0.036 - 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 461.4 595.6 - - 1173.9 0.076 - 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 460.9 - 554.3 598 1175.6 - 0.084 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 460.5 - 554.9 597 1176 - 0.114 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 459.8 - 555.6 598.3 1175.7 - 0.121 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 459.5 - 558 600.1 1175.3 - 0.119 

Note: Vibrational modes corresponding to Second-order Scattering were given based on the Ref. [142, 147]. 
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Figure 4.8: Relative peak area ratio for bands of oxygen vacancies and F2g 

mode for pure CeO2 and Gd-doped CeO2 (for 2%, 4%, 6%, 8% and 10%) 

samples. 

 

 This relative peak area ratio of oxygen vacancies and F2g mode is calculated 

by fitting the Lorentzian function for the corresponding modes. Ratio 𝐴𝐴𝑂𝑂𝑣𝑣 𝐴𝐴𝐹𝐹2𝑔𝑔�  for 

pure CeO2 and 2% Gd-doped CeO2, whereas, (𝐴𝐴(𝑂𝑂𝑣𝑣)1
 +  𝐴𝐴(𝑂𝑂𝑣𝑣)2

)/ 𝐴𝐴𝐹𝐹2𝑔𝑔  ratios are 

calculated for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (for x = 0.04, 0.06, 0.08 and 0.10) samples. From these 

calculated values one can infer that the relative oxygen vacancy concentration is 

found to gradually increase with fluencies of Gd3+ ions in CeO2 NPs. 

  



Chapter 4: Study of Structural, Optical, Electronic Structure Properties… 

123 

4.3.3. Electronic Structure Properties 

4.3.3.1. XPS analysis 

4.3.3.1.1. Ce 3d XPS Spectra 

 The chemical composition and the valence state of the pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs have been further 

characterized using XPS measurements of Ce 3d, Gd 4d, and O 1s core levels. 

Figure 4.9 illustrates the Ce 3d core level XP spectra of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples. All binding energies have been 

corrected for the charge shift using the C 1s peak (binding energy = 284.6 eV) as 

reference [201]. The high-resolution Ce 3d core level spectra in the energy range of 

880-930 eV has been deconvoluted by mean of Gaussian shape fitting as shown in 

Figure 4.9. These deconvoluted Ce 3d core-level spectra are generally characterized 

by distinct features which are related to the final-state occupation of Ce 4f level 

[202]. On Account of spin-orbit coupling, these deconvoluted Ce 3d core-level 

spectra are resolved into ten peaks, which includes six and four structures arise from 

Ce4+ and Ce3+ ions, respectively. These series of peaks are labelled as ‘u’ and ‘v’, 

which are due to 3d3/2 and 3d5/2 spin-orbit states, respectively [126]. The four peaks 

labelled with vo, v’, uo and u’ are characteristic peaks of Ce3+, whereas, the peaks 

labelled with v, v’’, v’’’, u, u’’ and u’’’ are characteristic peaks of Ce4+ (shown in 

Figure 4.9) [203]. The separation in binding energy between v and u spin-orbit 

doublets is found around ~18.4 eV for pure CeO2, and for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 

0.04, 0.06, 0.08 and 0.10) samples, which are in good agreement with the reported 

papers [204, 205]. We can see from the Ce 3d core level spectra that Ce ions are 

present in mixed valance state of both Ce3+ and Ce4+ for pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 

samples. All peak positions for ‘u’ and ‘v’ of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs 

samples have been tabulated in Table 4.3.  
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Figure 4.9: Deconvoluted XPS spectra of Ce 3d profile of pure CeO2 and 
𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples 
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 The total concentration of Ce3+ and Ce4+ in the samples has been calculated 

using following formula [206],         

% 𝟐𝟐𝟐𝟐𝟑𝟑+ =
𝑨𝑨𝟐𝟐𝟐𝟐𝟑𝟑+

𝑨𝑨𝟐𝟐𝟐𝟐𝟑𝟑++𝑨𝑨𝟐𝟐𝟐𝟐𝟒𝟒+
 × 𝟏𝟏𝟏𝟏𝟏𝟏%                                               (𝟒𝟒.𝟐𝟐𝟒𝟒)    

      

% 𝟐𝟐𝟐𝟐𝟒𝟒+ =
𝑨𝑨𝟐𝟐𝟐𝟐𝟒𝟒+

𝑨𝑨𝟐𝟐𝟐𝟐𝟑𝟑++ 𝑨𝑨𝟐𝟐𝟐𝟐𝟒𝟒+
 × 𝟏𝟏𝟏𝟏𝟏𝟏%                                              (𝟒𝟒.𝟐𝟐𝟓𝟓)  

 
 Here, 𝐴𝐴𝐶𝐶𝐶𝐶3+ = 𝑣𝑣𝐶𝐶 +  𝑣𝑣’ +  𝐶𝐶𝐶𝐶 +  𝐶𝐶’ and  𝐴𝐴𝐶𝐶𝐶𝐶4+ =  𝑣𝑣 +  𝑣𝑣’’ +  𝑣𝑣’’’ + 𝐶𝐶 +  𝐶𝐶’’ +

 𝐶𝐶’’’ are the sum of the integrated area of all characteristics peaks of Ce3+ and Ce4+, 

respectively. These calculated values are tabulated in Table 4.3. The quantitative 

ratio of Ce3+/Ce4+ shows that the concentration of Ce3+ ions over Ce4+ ions is 

gradually increasing for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.00, 0.02 and 0.04) samples. While, at 

6% Gd-doping concentration Ce3+/Ce4+ value is deceased, which is again increased 

and then decreased at 8% and 10% doping. This shows that due to incorporation of  

larger radii Gd3+ ions (0.1053 nm) in CeO2 NPs, replaces the smaller radii Ce4+ ions       

(0.097 nm) and for maintaining the charge neutrality, the concentration of Ce3+ ions 

(0.114 nm) are gradually increased for 2% and 4% doping concentrations. 
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Table 4.3: Ce 3d XPS peak assignments for pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples 

Sample Peak 
assignment 

𝟐𝟐𝟐𝟐 𝟑𝟑𝟐𝟐𝟓𝟓/𝟐𝟐 𝟐𝟐𝟐𝟐 𝟑𝟑𝟐𝟐𝟑𝟑/𝟐𝟐 

Ce3+ 
(%) 

Ce4+ 
(%) Ce3+/Ce4+ 

vo 
Ce3+ 

v 
Ce4+ 

v’ 
Ce3+ 

v’’ 
Ce4+ 

v’’’ 
Ce4+ 

uo 
Ce3+ 

u 
Ce4+ 

u’ 
Ce3+ 

u’’ 
Ce4+ 

u’’’ 
Ce4+ 

Pure CeO2 

Binding 
energy 

(eV) 

882.5 884.7 887.7 890.7 898.7 900.7 903.1 905.6 909.8 918.8 34.23 65.76 0.52 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 883 884.5 887 890.5 898.5 900.6 903 904.9 909.5 918.6 38.86 61.13 0.63 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 882.4 884.6 887.3 890.8 898.3 900.6 903.1 905.5 909.5 918.9 41.36 58.63 0.70 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 883.7 885.1 887.6 891.2 899.3 901.1 903.4 905.6 909.9 919.2 35.04 64.95 0.54 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 882.4 884.4 887.2 890.8 898.1 900.4 902.9 905.4 909.5 918.6 39.50 60.49 0.65 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 884.4 886.3 888.9 892.7 900.6 902.4 904.7 907.3 911.3 920.6 33.61 66.38 0.51 
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 The presence of Ce3+ can be due to either due to the formation of Ce2O3 or 

creation of oxygen vacancies in CeO2 lattice. This can be verified by calculating the 

stoichiometry ratios 𝑥𝑥 = [𝑂𝑂]/[𝐶𝐶𝐶𝐶] and 𝑥𝑥′ = [𝑂𝑂1𝑠𝑠]/[𝐶𝐶𝐶𝐶3𝐺𝐺], which can be estimated 

from their integrated peak area while considering their sensitivity factor. In order to 

calculate oxygen content in the samples, we assume that the total oxygen content is 

the sum of the required oxygen to fully oxidize Ce3+ and Ce4+ to form Ce2O3 and 

CeO2. Then, considering the stoichiometry 𝑥𝑥 = [𝑂𝑂]/[𝐶𝐶𝐶𝐶], which is equal to 1.5 for 

Ce2O3 and 2 for CeO2. Now, the stoichiometric ratio of the oxygen to the total Ce 

ions (Ce3++Ce4+) can be determined using the concentration of [Ce3+] and [Ce4+] as 

given in Table 4.4 according to the following equation [197], 

𝒆𝒆 =
[𝑶𝑶]
[𝟐𝟐𝟐𝟐]

=  
𝟑𝟑
𝟐𝟐

× [𝟐𝟐𝟐𝟐𝟑𝟑+] + 𝟐𝟐 × [𝟐𝟐𝟐𝟐𝟒𝟒+]                                  (𝟒𝟒.𝟐𝟐𝟔𝟔) 

 
 The stoichiometry calculated from equation (4.26) has been compared with 

the actual stoichiometry determined from the XPS integrated area AO and ACe of the 

O 1s and Ce 3d peaks, respectively, which has been calculated according to the 

following equation [207]: 

𝒆𝒆′ =
𝑶𝑶𝟏𝟏𝒔𝒔

𝟐𝟐𝟐𝟐𝟑𝟑𝟐𝟐
=
𝑨𝑨𝑶𝑶
𝑨𝑨𝟐𝟐𝟐𝟐

×
𝑺𝑺𝟐𝟐𝟐𝟐
𝑺𝑺𝑶𝑶

                                                   (𝟒𝟒.𝟐𝟐𝟕𝟕) 

 
 Where, SCe = 7.399 and SO = 0.711 are the sensitivity factors of the Ce and O 

atoms, respectively [208]. Figure 4.10 shows the stoichiometry variation with the 

concentration of Gd-dopant determined by both methods, x and x’, which is 

provided the concentration of Ce3+ and Ce4+ ions in pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2     

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples (as listed in Table 4.4). 
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Table 4.4: Concentration of Ce3+ and Ce4+ ions and Stoichiometry 𝒆𝒆 = [𝑶𝑶]/[𝟐𝟐𝟐𝟐] 

and 𝒆𝒆′ = [𝑶𝑶𝟏𝟏𝒔𝒔]/[𝟐𝟐𝟐𝟐𝟑𝟑𝟐𝟐] of the pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 

0.08 and 0.10) samples. 

Sample [Ce3+] [Ce4+] 𝒆𝒆 = [𝑶𝑶]/[𝟐𝟐𝟐𝟐]𝒂𝒂 𝒆𝒆′ = [𝑶𝑶𝟏𝟏𝒔𝒔]/[𝟐𝟐𝟐𝟐𝟑𝟑𝟐𝟐]𝒐𝒐 

Pure CeO2 0.342 0.657 1.83 2.73 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 0.388 0.611 1.80 1.84 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 0.413 0.586 1.79 1.60 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 0.350 0.649 1.82 1.71 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 0.395 0.604 1.80 1.51 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 0.336 0.663 1.83 1.61 

aUsing Eq. (4.26) and bUsing Eq. (4.27) 

 
 Although, the calculated values of actual stoichiometry (x’) is higher than 

that (x) calculated by Eq. (4.26) for pure CeO2 and 𝐶𝐶𝐶𝐶0.98𝐺𝐺𝐺𝐺0.02𝑂𝑂2 sample, which 

exhibits low concentration of Ce3+ ions for pure CeO2 NPs in comparison with 

Ce0.98Gd0.02O2 sample. This means that due to incorporation of Gd3+ ions in CeO2 

NPs, Gd3+ ions replaces the Ce4+ ions with formation of oxygen vacancies in the 

Ce0.98Gd0.02O2 sample. On the other hand, the value of (x’) is smaller than (x) for 

4%, 6%, 8% and 10% doping concentrations, which suggested that the entire Ce3+ 

ions are consumed in the formation of Ce2O3. Simultaneously, the oxygen deficiency 

with increasing Ce3+ ions suggests that Ce3+ ions are associated with Ce2O3 as well 

as oxygen vacancies in CeO2 and both kinds may coexist in 4%, 6%, 8% and 10% 

Gd-doped CeO2 samples. This means that core level Ce 3d spectra prove the 

existence of Ce2O3 in the Gd-doped CeO2 samples, while from XRD analysis only 

CeO2 is identified. This Ce2O3 phase has amorphous character indicates that this 

phase is located at the grain surface and at the grain boundaries. Patsalas et al. 

[197], has reported a dimensional analysis which determined that Ce2O3 and CeO2 

are located at grain surface and volume, respectively. 

 



Chapter 4: Study of Structural, Optical, Electronic Structure Properties… 

130 

 
Figure 4.10: The CeOx stoichiometry for pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐  
(x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples calculated from stoichiometry ratio  
𝒆𝒆 = [𝑶𝑶]/[𝟐𝟐𝟐𝟐] and 𝒆𝒆′ = [𝑶𝑶𝟏𝟏𝒔𝒔]/[𝟐𝟐𝟐𝟐𝟑𝟑𝟐𝟐]  
 
 A linear correlation can be established between third power of [Ce4+] (grain 

volume distribution) as well as third power of D (which is proportional to the grain 

volume Vg) with square of [Ce3+] (surface distribution). 

 

  
Figure 4.11: The correlation of the [Ce3+]2 with [Ce4+]3 and grain volume (Vg ∝
 D3), showing that Ce3+ and Ce4+ ions are located at the grain surface and 
volume, respectively. 
 
 Figure 4.11 shows a linear relation between [Ce3+]2 and [Ce4+]3 that confirms the 

distribution of Ce2O3 and CeO2 at the grain surface and volume. While, the 

experimental points of D3 vs [Ce3+]2 are more scattered around straight line of the 
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dimensional analysis, which is attributed to the strain in the grain that affects the 

broadening of the XRD peaks with Gd-doping in CeO2 samples. From Table 4.4, it can 

also be seen that the difference between x and x’ increases and decreases with increase 

and decrease of Ce3+ ions for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.04, 0.06, 0.08 and 0.10) samples, 

which shows an up and down in the formation of oxygen vacancies in these samples. 

 
4.3.3.1.2. O 1s XPS Spectra 

 The O 1s spectra for pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 

and 0.10) samples are shown in Figure 4.12. The asymmetrical O 1s core level 

spectra in the binding energy range ~526-540 eV are deconvoluted into four peaks to 

determine the surface concentration of oxygen ions for all samples. The 

deconvoluted binding energy peaks of O 1s core level spectra at ~528.6-529.9 eV 

can be assigned to the lattice oxygen O2- (denoted as OL) in pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples, while peak at higher 

binding energy side ~530.3-533.3 eV and ~533.5-536.4 eV are possibly assigned to 

oxygen vacancies (denoted as OV) corresponds to Ce3+ species originated from 

Ce2O3 [209] and formation of hydroxyl or absorbed H2O species [210] (denoted as 

Oα and Oβ) on the surface of the samples, respectively (as shown in Table 4.5) [211, 212]. 

 
 As shown in Figure 4.12, all the samples are showing the similar O 1s core 

level spectra, which is also used as another source of information about Ce oxidation 

state. Since, it is well known that the electro-negativity of Gd ion (1.21) is higher 

than Ce ion (1.12) on Pauling scale, therefore, O 1s peak from Gd2O3 should be at 

higher binding energy than that from metal oxide CeO2 [213]. Thus, due to 

incorporation of Gd3+ ions in the lattice of CeO2, not only the intensity of the lattice 

oxygen peak (OL) but also oxygen vacancies peak (OV) is found to increase for 2% 

Gd-doped CeO2 NPs. The quantitative estimation of OL and OV peaks show that due 

to incorporation of Gd3+ ions the oxygen vacancies are formed on the surface of the 

Gd-doped CeO2 samples. These vacancies are found to show variation with change 

in the concentration of Gd-ions in the CeO2 NPs. Furthermore, as 1s electron of 

oxygen atom attached more tightly bound to Ce3+ rather than Ce4+ oxidation state. 

Thus, change in the oxidation state of Ce-ions (+4 to +3) due to incorporation of 

Gd3+ ions in the CeO2 NPs, may also be responsible for the change in the formation 

of oxygen vacancies.  
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Table 4.5: XPS binding energies of individual peaks of O 1s spectra for pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐  

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples 

Sample 

O 1s Peak position 

Lattice oxygen species (OL) Oxygen vacancy species (OV) 𝐎𝐎𝐇𝐇− group species BE (eV) 

BE (eV) %𝐎𝐎𝐋𝐋 =
𝑨𝑨𝐎𝐎𝐋𝐋

𝑨𝑨𝐎𝐎𝐋𝐋 + 𝑨𝑨𝐎𝐎𝐕𝐕
× 𝟏𝟏𝟏𝟏𝟏𝟏 BE  

(eV) %𝐎𝐎𝐕𝐕 =
𝑨𝑨𝐎𝐎𝐕𝐕

𝑨𝑨𝐎𝐎𝐋𝐋 + 𝑨𝑨𝐎𝐎𝐕𝐕
× 𝟏𝟏𝟏𝟏𝟏𝟏 (Oα) (Oβ) 

Pure CeO2 529.8 35.94 532.9 64.05 533.6 535.7 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 528.6 28.16 530.3 71.84 533.5 535.5 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 529.3 28.41 532.4 71.58 533.7 535.9 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 529.8 35.79 532.6 64.20 533.9 536.1 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 529.2 26.60 532.2 73.40 533.5 535.7 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 529.9 33.32 533.3 66.70 534.1 536.3 
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Figure 4.12: Deconvoluted core level spectra of O 1s profile for pure CeO2 and 

𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples. 
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 The quantitative percentage of Ce3+ oxidation state from core level spectra of 

Ce 3d for pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples, 

if compared with quantitative percentage of OV from O 1s core level spectra, one 

can infer that the increasing Ce3+ concentration is also helpful in increasing the 

oxygen vacancies on the surface of samples (as shown in Table 4.3 and 4.5) along 

with the percentage increase in the concentration of the Gd3+ ions. 

 
4.3.3.1.3. Gd 4d XPS Spectra 

 
Figure 4.13: Gd 4d core level XPS spectra of 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 

0.08 and 0.10) samples ` 

 
 The deconvoluted Gd 4d core level XPS spectra are split into doublet (Gd 

4d5/2 and Gd 4d3/2) due to spin orbit coupling for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 

0.08 and 0.10) samples, as shown in Figure 4.13. These two peaks existed in the 

range of ~143.7-145.8 eV and ~148.7-151.7 eV can be attributed to Gd 4d5/2 and Gd 

4d3/2 states, respectively, which is indicating the presence of Gd3+ ions in 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) doped lattice [214-216]. 
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4.3.4. Magnetic Properties 
 Figure 4.14 (a, b) shows the room temperature magnetization (M) vs. 

magnetic field (H) curves for pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 

and 0.10) NPs. It is observed that pure CeO2 nanoparticles are found to exhibit weak 

ferromagnetic (FM) behaviour at room temperature with saturation magnetization 

Ms = 0.049 emu/g. Although, it has been reported that bulk CeO2 exhibit 

diamagnetic behaviour where it is reported that at nano-regime the undoped CeO2 

NPs exhibit weak ferromagnetism with small value of saturation magnetization by 

few reports [217-223]. Since, a significant amount of coercivity Hc = 77.95 Oe has 

been observed for pure CeO2 NPs, which ensures the ferromagnetic nature in our 

pure CeO2 sample. The weak ferromagnetic behaviour in pure CeO2 NPs at room 

temperature is associated with oxygen vacancies that have been originated by the 

conversion of Ce4+ to Ce3+ oxidation state of cerium [224]. 

 
 Although, after incorporation of Gd3+ ions in CeO2 NPs, Ce0.98Gd0.02O2 

sample still exhibit weak FM behaviour with increasing Ms = 0.140 emu/g while Hc 

has been decreased 22.48 Oe as compared to pure CeO2 NPs. While, further increase 

in Gd3+ ions concentration are not able to maintain this FM behaviour, that can be 

clearly seen from the hysteresis curves (in Figure 4.14(b)) for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2              

(x = 0.04, 0.06, 0.08 and 0.10) samples. The magnetization of the Gd-doped CeO2 

samples is increased with increasing dopant concentration (as shown in Figure 4.14b 

and Table 4.6).  

 
Table 4.6: Summary of saturation magnetization (Ms), retentivity (Mr), and 

coercivity (Hc) for pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 

0.10) NPs   

Sample Ms (emu/g) Mr (emu/g) (× 10-4) Hc (Oe) 

Pure CeO2 0.049 5.77 77.95 

Ce0.98Gd0.02O2 0.140 3.56 22.48 

Ce0.96Gd0.04O2 0.194 0.46 1.30 

Ce0.94Gd0.06O2 0.296 0.87 1.38 

Ce0.92Gd0.08O2 0.333 1.16 6.18 

Ce0.90Gd0.10O2 0.421 3.15 12.96 



Chapter 4: Study of Structural, Optical, Electronic Structure Properties… 

137 

 

 
Figure 4.14: Magnetization vs. magnetic field plot for (a) pure CeO2 and (b) 

𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐  (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples at room temperature 

(300K) 
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 Since, the electronic configuration of Gd3+ is [Xe] 6s25d14f7 with 7 unpaired 

electrons in the 4f shell. These unpaired 4f electrons polarize the 6s and 5d valence 

electrons, results high effective magnetic moment 𝜇𝜇𝐶𝐶𝑒𝑒𝑒𝑒  = 7.94 𝜇𝜇𝐵𝐵 (calculated by the 

formula 𝜇𝜇𝐶𝐶𝑒𝑒𝑒𝑒  =  𝑔𝑔𝐽𝐽�𝐽𝐽(𝐽𝐽 + 1) 𝜇𝜇𝐵𝐵, where 𝑔𝑔𝐽𝐽  is the Lande g-factor and for Gd3+ ion 

ground state 8S7/2, S = 7/2, L = 0, J = 7/2, 𝑔𝑔𝐽𝐽= 2) [225, 226]. With increasing dopant 

concentration, the interaction of these unpaired spins of 4f electrons with the 

outermost ligands or other Gd3+ is anticipated to get weaker. These non-interacting 

and localized magnetic spins of Gd3+ ions have induced the paramagnetism with 

increase in magnetization [227, 228]. The paramagnetic moment from the Gd3+ ions 

incorporated into the CeO2 lattice increase with increasing the dopant concentration 

which results in reduction of ferromagnetic ordering in Gd-doped samples. 

Therefore, 4%, 6%, 8%, and 10% Gd-doped samples have small ferromagnetic 

behaviour in addition to linear paramagnetic signals, which is gradually increasing 

with the fluency of Gd3+ ions in CeO2 NPs. Though, RAMAN and XPS analyses are 

showing an increase in the oxygen vacancies but this increase in oxygen vacancy 

concentration may not enhance the ferromagnetic ordering in Gd-doped samples 

[229]. Nithyaa et al., reported the ferromagnetic behaviour of pure TiO2 NPs but 

incorporation of Gd-ions enhanced the paramagnetic nature which has been reported 

due to oxygen defects [230]. In other reports on Gd-doping in ZnO, the 

paramagnetism in these samples is reported due to high magnetic moment of Gd-

ions (𝜇𝜇 = 7.1 𝜇𝜇𝐵𝐵) and due to presence of secondary phases of Gd2O3 [231-233].  

 
 Now, the main issue herein is to understand the possible origin of 

ferromagnetic dominated paramagnetic behaviour in pure CeO2 and Gd-doped CeO2 

NPs, respectively. The origin of FM behaviour has been discussed in this manuscript 

accounting the F-centre exchange (FCE) mechanism, as a subcategory of bound 

magnetic polaron (BMP) model [25]. The conception of FCE coupling is based on 

BMP model that has been interpreted with the presence of oxygen vacancies (VO). 

These oxygen vacancies and magnetic ions constitute a BMP that produces the 

ferromagnetism in these systems. In pure CeO2 NPs, the origin of ferromagnetism is 

supposed to the reduction of the oxidation state of Ce ions i.e. Ce4+ to Ce3+. The 

formations of oxygen vacancies give rise to the reduction of Ce4+ to Ce3+ state. The 
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formation of oxygen vacancy left two electrons which may be transferred to a Ce4+ 

ion converting Ce4+ into Ce3+. Due to this process, mixed Ce3+ and Ce4+ states yield 

in the pure CeO2 NPs, which has already been confirmed by Ce 3d core level spectra 

analysis. The ferromagnetism in pure CeO2 NPs may be arise from the nearest-

neighbour interaction i.e. either double exchange (Ce3+-VO-Ce4+) or super-exchange 

(Ce3+-VO-Ce3+), which is mediated by oxygen ions [234]. The double exchange 

interaction forms an F+ centre because the two electrons left by VO are trapped on 

Ce4+ ion and VO (hydrogenic orbital), while super-exchange interaction forms an F2+ 

centre due to the both electrons are trapped on Ce4+ ions [235]. When Gd-ion is 

incorporated into CeO2, it has suppressed the ferromagnetism of CeO2 NPs (as 

shown in Figure 4.16(b)). Now, for Ce0.98Gd0.02O2 sample, the F+ centre may be 

coupled with the nearest Ce3+ or Gd 4f orbital and form Ce3+-VO-Gd3+
 complex 

(BMP), which is dominated in this sample. When the size of this BMP is large 

enough to percolate through the lattice, long-range (weak) room temperature 

ferromagnetism can be realized with higher saturation magnetization. However, it is 

clearly observed that ferromagnetism has been suppressed with the increase in Gd-

doping concentration up to 10%. Due to increase in Gd-ion doping concentration, 

the number of Gd-ions in the interior of CeO2 lattice is less than that on its surface or 

on the grain boundaries. Only those Gd-ions are allowed to enter the lattice that is 

permitted by the host ions and rest is expelled. Due to higher doping concentration 

the separation among Gd3+ ions is decreased. These largely separated Gd3+ ions 

suppress the ferromagnetism and undergo super-exchange interaction with each 

other via O2- ions and results in anti-parallel alignment of the magnetic spins of Gd 

4f shell present in the nearest neighbour ions that do not negotiate in ferromagnetic 

ordering. Thus higher doping concentration of Gd3+ ions tends to destroy the 

observed ferromagnetism in Gd-doped CeO2 NPs. Hence in our case the increase in 

paramagnetic signals may be attributed to increase in oxygen vacancy 

concentrations without enhancing the ferromagnetic ordering of the samples. This 

ferromagnetic ordering is further suppressed due to the increased concentrations of 

Gd3+-cation as the separation between these Gd3+-ions are decreased results in anti-

parallel alignment of the spins of Gd 4f state due to super-exchange interaction.  
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4.3.5. Water Splitting Analysis 

 The amount of photocatalytic H2 evolved from the samples has been hourly 

monitored (Table 4.7 and Figure 4.15(a)) and after four hours exposure to light the 

respective release of hydrogen is observed as: 1.47406, 1.4847, 1.4923, 1.4984, 

1.51367 and 1.5243 mmol/h/g for pure Pt/CeO2, Pt/𝐶𝐶𝐶𝐶0.98𝐺𝐺𝐺𝐺0.02𝑂𝑂2 , 

Pt/𝐶𝐶𝐶𝐶0.96𝐺𝐺𝐺𝐺0.04𝑂𝑂2, Pt/𝐶𝐶𝐶𝐶0.94𝐺𝐺𝐺𝐺0.06𝑂𝑂2, Pt/𝐶𝐶𝐶𝐶0.92𝐺𝐺𝐺𝐺0.08𝑂𝑂2, Pt/𝐶𝐶𝐶𝐶0.90𝐺𝐺𝐺𝐺0.10𝑂𝑂2 

samples, respectively (Figure 4.15(a)). According to the mechanism, when the 

surface of the molecular device Pt/𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 exposed to the light, an electron of  

the valance band (VB) get energised after receiving that energy of light and jumped 

from VB to conduction band (CB), which generates a pair of photo-hole (at VB) and 

photoelectron (at CB) at 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 samples surface. Nascent photoelectrons of 

CB are arrived at the junction of Pt/electrolyte interface by passing through the 

electron-pool of the metallic Pt (that can segregate the photoelectrons from photo-

holes). These photoelectrons interact with H+ ions [236] of the water at the interface 

and liberate the nascent H that combined with another nascent H atom to generate 

H2 gas. Hole amassed at VB of the doped semiconductor is responsible for the 

breakdown of CH3OH in formaldehyde or formic acid or both as mentioned in the 

following equations (4.28-4.38) [237, 238], which can be used to depict the 

proposed electron transfer mechanism of  the water splitting, as illustrated by the 

Figure 4.15(b).  
 
Gd − CeO2

light  
�⎯⎯� (CV of Gd − CeO2)e− + (VB of Gd − CeO2)h+ (photocarriers generation) (4.28) 

(𝐶𝐶𝑉𝑉 𝐶𝐶𝑒𝑒 Gd− CeO2)  𝐶𝐶− → 𝑃𝑃𝑃𝑃 𝐶𝐶−  (transfer of photoelectron)               (4.29) 

(CV of Gd− CeO2  )e− + 𝐻𝐻2𝑂𝑂 → 𝐻𝐻∗ + 𝑂𝑂𝐻𝐻−  (generation of free radical H*)        (4.30)   

𝐻𝐻∗ +𝐻𝐻∗ → 𝐻𝐻2 (0.00 eV )  (generation of H2)                            (4.31) 

𝐻𝐻∗ + ℎ+ → 𝐻𝐻+   (generation of H+)                             (4.32)  

𝐻𝐻+ + 𝐻𝐻+ → 𝐻𝐻2     (0.00 eV ) (generation of H2)                             (4.33) 

(VB of Gd− CeO2  ) h+ + 𝐶𝐶𝐻𝐻3𝑂𝑂𝐻𝐻 →  𝐶𝐶𝐻𝐻2𝑂𝑂𝐻𝐻∗ + 𝐻𝐻+(-0.1264eV)                                    (4.34) 

ℎ+ + 𝐶𝐶𝐻𝐻2𝑂𝑂𝐻𝐻∗ + 𝑂𝑂𝐻𝐻− → 𝐻𝐻𝑂𝑂𝐶𝐶𝐻𝐻2𝑂𝑂𝐻𝐻∗ → 𝐻𝐻𝐶𝐶𝐻𝐻𝑂𝑂 + 𝐻𝐻2𝑂𝑂 (−3.848 𝐶𝐶𝑉𝑉) (formation of HCHO)  (4.35)  

𝐶𝐶𝐻𝐻2𝑂𝑂𝐻𝐻∗ + 𝑂𝑂 → 𝑂𝑂𝐶𝐶𝐻𝐻2𝑂𝑂𝐻𝐻∗ → 𝐻𝐻𝐶𝐶𝐻𝐻𝑂𝑂 + 𝑂𝑂𝐻𝐻∗ (−3.18 𝐶𝐶𝑉𝑉) (formation of HCHO)                (4.36) 

𝐶𝐶𝐻𝐻2𝑂𝑂𝐻𝐻∗ + 𝑂𝑂 → 𝑂𝑂𝐶𝐶𝐻𝐻2𝑂𝑂𝐻𝐻∗ → 𝐻𝐻𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻 + 𝐻𝐻∗ (−4.125 𝐶𝐶𝑉𝑉) (formation of HCOOH)           (4.37) 

𝐻𝐻𝐶𝐶𝑂𝑂𝑂𝑂𝐻𝐻 + 2ℎ+ → 𝐶𝐶𝑂𝑂2 + 2𝐻𝐻+ (−0.19 𝐶𝐶𝑉𝑉) (formation of CO2 from HCHO)     (4.38) 
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 There are many factors which can dominate the water splitting activity such as: 
particle size of photocatalyst, binding energy, dopant concentration and position (either 
Gd3+ ion is taking position of Ce3+ or Ce4+ ion), oxygen vacancies, band gap and band 
positions, and many more. All of the above factors collectively responsible for increase 
in hydrogen generation activity on increasing the dopant concentration in CeO2. 

 

 

 
Figure 4.15: (a) Hydrogen production rate for pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐      
(x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples in 10% CH3OH under visible light 
exposure of 300W Xe light source and (b) charge transfer reaction at oxidative 
and reductive sites  
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 Usually the steady decrease in particle size increases water splitting activity 

with increase in Gd proportion due to the large. Introduction of Gd-dopant into the 

CeO2 lattice, also gradually increases the oxygen vacancy in the lattice arrangement 

of CeO2 because Gd3+ (radius of Gd3+ = 0.1053 nm and charge density = 91) 

replaced the high charged but small Ce4+ ion (radius of Ce4+ = 0.097 nm and charge 

density = 148) in 2%, 4%, 8% doped samples but also replaced low charged but 

bigger sized Ce3+ (radius of Ce3+ cation = 0.114 nm and charge density = 75) in 6% 

and 10% Gd-doped CeO2 samples. [184].  

 
 All of the above changes due to Gd-doping in CeO2 lattice maintained the 

phase purity (checked with XRD) with minor but favourable changes in lattice 

parameters and suggested the lattice arrangement of atoms with expanded electron 

clouds between high charge M(Ce3+/Ce4+) and  low charge M(Gd3+) bonds through 

bridging O and O as shown in Figure 4.16(a). That results into creating active side to 

generate more carriers that bring about the enhanced photocatalytic activity of the 

doped CeO2.  

 
 Local cluster framework of the tetrahedral coordinated groups of multivalent 

metal cations (Ce3+/Ce4+and Gd3+) and anions (𝑂𝑂2
2−) generates a strong local 

electrostatic field inside the tetrahedra, as confirmed by the XRD, XPS and Raman 

results. Residual water molecules are captured by the strong local electrostatic field 

of the molecular device 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10). These 

water molecules attract the bridging oxygen through the protonic side and the 

metallic cation, i.e., Ce through the hydroxyl side (Figure 4.16(b)). 
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Table 4.7: Comparative Band gaps with their CB and VB positions, Hydrogen production with and without Pt loading, with 

respect to the pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑮𝑮𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples. 

Samples 
Oxygen 
vacancy

% 
D (nm) Ce3+/Ce4+ Band gap 

(eV) 
CB 
(eV) 

VB 
(eV) 

H2 generation without  
Pt loading 

(mmol g-1 h-1) 

H2 generation with  
Pt loading 

(mmol g-1 h-1) 

Pure CeO2 64.05 5.55 0.52 2.60 -0.240 2.360 1.4695 1.47406 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 71.84 5.27 0.63 2.66 -0.270 2.390 1.4771 1.4847 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 71.58 6.44 0.70 2.71 -0.295 2.415 1.4832 1.4923 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 64.20 7.47 0.54 2.67 -0.275 2.395 1.4923 1.4984 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 73.40 5.55 0.65 2.64 -0.260 2.380 1.5030 1.51367 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑮𝑮𝟐𝟐𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 66.70 6.34 0.51 2.52 -0.200 2.320 1.5167 1.5243 
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Figure 4.16: (a) M-M bond through bridging O atoms and (b) water splitting 

phenomena at atomic lattice level through Lewis acid site (LAS) and BrӦnsted 

acid site (BAS) 
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 Finally, we get bridging oxygen impregnated with a hydroxyl proton and  the 

Ce metallic side with a hydroxyl group that function as Lewis acid sites (LAS), 

which create strong electron withdrawing centres  neighbouring bridging O-H 

groups [239] as shown by Figure 4.16(b). These withdrawing centres can act as 

super-acidic BrӦnsted acid sites (BAS) with a highly negative cluster framework. 

H3O+ that detached from BAS to release the tension of the bulky species and 

generate H+. These H + reacts with the photoelectrons of the solid solutions and 

produce nascent H that couples with another H. Thus, hydrogen gas is generated.  

 
4.4. Conclusions  

 In summary, pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs have been successfully 

synthesized by the   co-precipitation method. The structural and morphological 

studies have been made by XRD, TEM, HRTEM and SAED analysis. From the 

XRD analysis all the lattice parameters, volume, particle size of pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs have been calculated, the particle size of these NPs is further 

verified with TEM and SERS analysis and observed approximately similar to the 

results obtained with XRD analysis. The particles are spherical in shape and getting 

agglomerated with fluencies of Gd3+ ions in CeO2 sample and the particle size is in 

the range of 5-7 nm, which is confirmed from the TEM images. From the TEM 

results and analysis we have observed the broadening of diffraction rings, which 

indicates that the particles are small in size and crystallinity becomes low with 

increasing doping concentration of Gd3+ ions in CeO2 NPs.  

 
 From the analysis of the UV-Vis-NIR absorption spectra, we have observed 

the variation in the refractive index and band gap energy with different 

concentration of Gd-ions in CeO2 NPs. The reduction of refractive index with 

incorporation of Gd3+ ions in CeO2 NPs is beneficial to UV protection. Normally, 

UV protection ability is strongly depending on the particle size and at nano-regime 

UV absorption ability is stronger than that of micro-sized ones. From the SERS 

spectra on pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs, the particle size, oxygen vacancy 

concentrations etc. have been made to understand the mechanism of other properties 
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of these samples. From the SERS spectra we can say that no other impurity phases 

are present in our samples and hence the nature of ferromagnetism in these NPs is 

intrinsic in nature and derived from the defects and intrinsic and extrinsic oxygen 

vacancy concentrations, which is found to gradually increase with fluencies of Gd3+ 

ions in CeO2 NPs. 

 
 Further for electronic structure of these NPs the core level Ce 3d, O1s and 

Gd 4d XPS spectra have been recorded and analyzed in details. From this analysis 

the change of oxidation state of Ce+4 to Ce+3 ions, incorporation of the Gd+3 ions in 

the lattice and formation of oxygen vacancies is reported. From the core level Ce 3d 

spectra the presence of both Ce3+ and Ce4+ ions in all the samples and an increase in 

the Ce3+ concentration can be seen with the fluencies of Gd3+
 dopant ions in CeO2 

NPs, due to the formation of defects or an amorphous phase of Ce2O3. From the O 

1s core level spectra analysis we are able to demonstrate that doping of Gd3+ ions in 

CeO2 NPs can modify the rate of reduction of Ce4+ to Ce3+ oxidation state as well as 

affects the formation of oxygen vacancies in 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 

and 0.10) doped samples. However, the Gd 4d core level spectra cannot be recorded 

with good statistics due to very small concentrations but reports the presence of Gd-

ion in our NPs. In our magnetic measurements we can see that all the samples pure 

and Gd-doped CeO2 are showing the weak ferromagnetism dominated paramagnetic 

behaviour, which is assumed to be triggered due to change of oxidation state of Ce+4 

to Ce+3 ions, incorporation of the Gd+3 ions in the lattice and formation of oxygen 

vacancies. From Raman and XPS analyses, the presence of oxygen vacancy related 

defects is apparent. From Ce 3d XPS spectra one can reveal that a significant 

increase in Ce3+ ions is not only able to increase the oxygen vacancies due to 

formation of Ce2O3 phase in Gd-doped samples, which is not traceable with the 

XRD analysis but also may be due to the substitution of Ce4+ ions by Gd3+ ions and 

this substitution actually creates the oxygen vacancies and owe the presence of 

ferromagnetic ordering in Ce0.98Gd0.02O2 sample.  
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 In the water splitting results, the amount of photocatalytic H2 evolved from 

the samples is monitored, and the respective release of hydrogen is found to increase 

for pure Pt/CeO2, Pt/𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 NPs samples with the increased doping 

concentrations of the Gd-ion. The particle size of photocatalyst, binding energies, 

oxygen vacancy concentrations, band gap and many other factors are collectively 

responsible for increase in hydrogen generation activity with increasing dopant 

concentration in CeO2. The observed release of hydrogen is found in good 

correlation with the characterisation results and the proposed mechanism of water 

splitting is reported on the basis of analyses. 
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CHAPTER 5 

STUDY OF STRUCTURAL, OPTICAL, ELECTRONIC 
STRUCTURE AND MAGNETIC PROPERTIES OF TM 

(Fe3+)-DOPED CeO2 NANOPARTICLES 

 
ABSTRACT 

 In this chapter, pure CeO2 and Fe-doped CeO2 NPs synthesized using co-

precipitation method are reported for establishing the correlation between oxygen 

vacancy defects, chemical and electronic state with the particle size, surface 

morphology and optical properties of NPs. The various properties of these NPs are 

characterised using XRD, TEM, SERS and XPS. From the XRD and Raman 

analysis the formation of cubic fluorite-type structure with incorporation of Fe-ions 

in CeO2 lattice is confirmed. The defect structure, oxygen vacancies are also 

discussed with the detaile analysis of the Raman spectra. The surface morphology 

and particle size distribution of all the samples is discussed with TEM and the 

particle size are found in between 4 to 5 nm. From optical absorption measurements, 

the inhomogenous distribution of the dopant is significantly discussed in the light of 

optical band gap energy and surface information such as peak intensity and shape 

near at 460 and 577 cm-1. The band gap is found to decrease with the increased 

doping of the Fe-ions, indicating that Fe-doping introduces the oxygen vacancies. 

The core level spectra of Ce 3d are discussed to explain the change in electronic 

state of Ce4+ to Ce3+, which are further supported with the Fe 2p and O 1s core level 

spectra. While, comparing the local electronic structure at Ce site around the Fe site, 

we could infer that the Fe-ion substituted the Ce site and creating the oxygen 

vacancies, which give rise to the RTFM properties of the samples. The results for 

weak RTFM in pure CeO2 and Fe-doped CeO2 samples is explained in the line of 

change of oxidation state of Ce-ions due to formation of oxygen vacancies, 

correlating with F-centre exchange (FCE) mechanism. 

 
5.1. Introduction 

 A most reactive RE oxide, such as CeO2 has attracted cosiderable interest 

due to its wide band gap (Eg = 3.2 eV) and high dielectric costant (ε = 26) [240]. 

These properties are beneficial for the electronic and vibrational study of CeO2 NPs, 



Chapter 5: Study of Structural, Optical, Electronic Structure and Magnetic Properties…  

149 

which has been used in large number of application, such as three-way catalysts 

[241], solid oxide fuel cells [242], UV-absorbent [192] and magneto-optoelectronic 

devices [223]. For understanding the functional properties of CeO2 based materials, 

it is vitally important to understand the fundamental understanding of the influence 

on the properties of these materials on particle size, dopant ion type and 

concentrations, morphology and defects states such as oxygen vacancies. Since, the 

microstructure and particle size influences the performance of CeO2 NPs at the grain 

boundaries and depletion of carriers in anisotropic nanosystems that strongly modify 

the redox or transport properties of CeO2. Generally, nanocrystalline CeO2 become 

non-stoichiometric at lower partial oxygen pressure of the environment during the 

annealing process of these materials [243]. This non-stoichiometry of these materials 

become more pronounced at normal atmospheric condition in CeO2-δ NPs due to the 

excessive increase of surface-to-volume ratio of the nanoparticles with decrease in 

the particle size [244]. This decrease in the particle size reduces the formation 

energy of oxygen vacancies near to the crystallite surface and accommodate large 

amount of oxygen vacancies without siginficantly affecting the cubic structure of 

CeO2 NPs. As the oxygen vacancies develops in the lattice, the valence state of Ce-

ions in CeO2 NPs can be seen in two oxidation state i.e. Ce3+ and Ce4+, which is very 

important for applications of CeO2 such as oxygen stroage capacity, catalytic and in 

spintronic devices. However, the oxygen vancancies are also responsible for the 

origin of RTFM in these CeO2 NPs. The basic idea of doping TM in CeO2 matrix is 

to enhance magnetization between the magnetic ions by manipulating the charge 

carries, that enables the changes in both the charge and spin degree of freedom of 

electrons [245]. It is reported in many studies that 3d TM element-doped CeO2 

exhibit RTFM [77, 246-248]. Maensiri et al. have reported sol-gel synthesized 

undoped CeO2 showing diamagnetic behaviour, whereas, their Fe-doped CeO2 NPs 

are showing intrinsic ferromagnetism above 673 K [249]. Phokha et al., have also 

reported weak RTFM in Fe-doped CeO2 NPs, induced by oxygen vacancy or defects 

which are generated by Ce3+ and Fe3+ spin electrons and from their X-ray absorption 

near edge structure (XANES) measurments they confirm the formation of oxygen 

vacancies with Ce3+ and Fe3+ states [65]. Wang et al. have reported experimental 

investigations on electronic structure of pure CeO2 and Fe-doped CeO2 using X-ray 

absorption (XAS) and X-ray emission spectroscopy (XES) to show the effect of 
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dopant ion concentration on the ferromagnetism and their results suggested that at 

low cocentration of Fe-doping the oxygen vacancies are formed with increased 

magnetism but at high doping concentration the ferromagnetism is found to decrease 

[66]. The localized or delocalized 4f electronic state of Ce-ions affect the defects 

and vacancies of the pure CeO2 and 3d element Fe-doped CeO2 [245]. Therefore, for 

understanding the fundamental mechanism as well as the effect of different doping 

concentration on the electronic structure of Fe-doped CeO2 NPs, it is essential to 

investigate the physical properties and their correlation with the electronic structure 

of these materials. XPS is a powerful tool to investigate electronic structure along 

with the defect concentration  induced in the lattice due to variation in doping 

concentration in CeO2 NPs [250]. 

 
 In this present work, we would like to undertake this study to further verify 

the effect of doping concentration of Fe3+/Fe2+ cation on various properties of CeO2 

NPs. To understand the effect on physical properties of these nanomaterials, which 

are being altered due to the presence of Fe-cation and their effect on defect and 

oxygen vacancies using various techniques as XRD, TEM, SERS, UV-Vis-NIR 

spectroscopy and XPS have been studied. Further, the magnetic properties of the all 

samples are discussed using SQUID measurments at room temperature. 

 
5.2. Experimental Details 

5.2.1. Materials for synthesis of NPs 

 Cerium (III) nitrate hexahydrate (𝐶𝐶𝐶𝐶(𝑁𝑁𝑂𝑂3)3 ∙ 6𝐻𝐻2𝑂𝑂) (Alpha Aesar 99.99%), 

Iron(III) nitrate nonahydrate (𝐹𝐹𝐶𝐶(𝑁𝑁𝑂𝑂3)3 ∙ 9𝐻𝐻2𝑂𝑂) (Alpha Aesar 99.9%), and 

Ammonium hydroxide (𝑁𝑁𝐻𝐻4𝑂𝑂𝐻𝐻) 25% solution. 

 
5.2.2. Material Preparation 

 Nanocrystalline pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (for x = 0.02, 0.04, 0.06, 0.08, 

and 0.10) samples were synthesized using co-precipitation method. The appropriate 

stoichiometric amount of 𝐶𝐶𝐶𝐶(𝑁𝑁𝑂𝑂3)3 ∙ 6𝐻𝐻2𝑂𝑂 and 𝐹𝐹𝐶𝐶(𝑁𝑁𝑂𝑂3)3 ∙ 9𝐻𝐻2𝑂𝑂 were used for 

synthesizing 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 NPs. Initially 𝐶𝐶𝐶𝐶(𝑁𝑁𝑂𝑂3)3 ∙ 6𝐻𝐻2𝑂𝑂 and 𝐹𝐹𝐶𝐶(𝑁𝑁𝑂𝑂3)3 ∙ 9𝐻𝐻2𝑂𝑂 

precursor solution was prepared in distilled water along with magnetic stirring at the 

rate of 600 rpm. Then 25% 𝑁𝑁𝐻𝐻4𝑂𝑂𝐻𝐻 solution was added drop by drop in this solution 

until the pH level was reached about 11. This solution was further stirred about        
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4 hours with the stirring rate of 1600 rpm at room temperature. After that, the 

synthesized pale-yellow precipitate were collected and washed out with distilled 

water. The samples were dried at room temperature and annealed in the furnace for 

about 500 oC for 8 hours. A set of samples, i.e. pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (for x = 

0.02, 0.04, 0.06, 0.08 and 0.10) NPs were synthesized. The chemical reactions 

during the experimental process for pure CeO2 NPs can be written as follows: 
𝟐𝟐𝟐𝟐(𝟑𝟑𝑶𝑶𝟑𝟑)𝟑𝟑 ∙ 𝟔𝟔𝑯𝑯𝟐𝟐𝑶𝑶(𝒂𝒂𝒂𝒂)  +  𝟑𝟑𝟑𝟑𝑯𝑯𝟒𝟒𝑶𝑶𝑯𝑯(𝒂𝒂𝒂𝒂)  →  𝟐𝟐𝟐𝟐(𝑶𝑶𝑯𝑯)𝟑𝟑(𝒔𝒔)  +  𝟑𝟑𝟑𝟑𝑯𝑯𝟒𝟒𝟑𝟑𝑶𝑶𝟑𝟑(𝒂𝒂𝒂𝒂) +  𝟔𝟔𝑯𝑯𝟐𝟐𝑶𝑶(𝒂𝒂𝒂𝒂)(𝟓𝟓.𝟏𝟏)        

𝟐𝟐𝟐𝟐𝟐𝟐(𝑶𝑶𝑯𝑯)𝟑𝟑(𝒔𝒔)
𝟓𝟓𝟏𝟏𝟏𝟏℃
�⎯⎯�  𝟐𝟐𝟐𝟐𝟐𝟐𝑶𝑶𝟐𝟐(𝒔𝒔)  +  𝟐𝟐𝑯𝑯𝟐𝟐𝑶𝑶(𝒈𝒈)  + 𝑯𝑯𝟐𝟐(𝒈𝒈) ↑                             (𝟓𝟓.𝟐𝟐) 

 
 Similarly, chemical reactions for the growth on various concentrations  

(x = 0.02, 0.04, 0.06, 0.08, and 0.10) of Fe-dopant ions in CeO2 NPs can be written 

as follows: 

(𝟏𝟏 − 𝒆𝒆)[𝟐𝟐𝟐𝟐(𝟑𝟑𝑶𝑶𝟑𝟑)𝟑𝟑 ∙ 𝟔𝟔𝑯𝑯𝟐𝟐𝑶𝑶] +  𝒆𝒆[𝑭𝑭𝟐𝟐(𝟑𝟑𝑶𝑶𝟑𝟑)𝟑𝟑 ∙ 𝟗𝟗𝑯𝑯𝟐𝟐𝑶𝑶 ] + 𝟑𝟑𝟑𝟑𝑯𝑯𝟒𝟒𝑶𝑶𝑯𝑯 

           →  𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 +  𝟑𝟑𝟑𝟑𝑯𝑯𝟒𝟒𝟑𝟑𝑶𝑶𝟑𝟑 + 𝒚𝒚𝑯𝑯𝟐𝟐𝑶𝑶         (𝟓𝟓.𝟑𝟑) 

      
5.2.3. Nanomaterials Characterization 
 The structural characterization of the samples were made using Brucker D8 

Advance X-ray diffractometer with Cu Kα radiation (λ = 1.5406 Å). The diffraction 

patterns were recorded at room temperature in the 2θ range from 10o to 90o with 

0.05o min-1 scanning speed and the counting time of 5 sec per step. The surface 

morphology, particle size and crystallinity of the samples were studied using TEM 

of make Technai G2 20 S-TWIN (FEI Netherlands) instrument operating at an 

accelerating voltage of 200 kV. NPs samples were ultrasonicated in iso-propanol 

solvent and deposited on holey carbon grids for examination in a JEOL 2100F field 

emission gun (FEG) TEM operating at 200 kV. Images and diffraction patterns were 

recorded on a Gatan Orius CCD camera. The particle size distribution was taken for 

a total 150 particles using image-j software of TEM images. All the Raman spectra 

were collected on Thermo Scientific DXRxi Raman Imaging Microscope with 

Charge Injection device (CID) detector using green laser of 532 nm excitation light 

source with its power kept at 10 mW. The UV-Vis-NIR spectroscopy measurements 

were performed for absorbance spectra of the samples in the range of 200-1000 nm 

with BaSO4 as an internal standard were recorded employing a Shimadzu UV-3600 

Plus spectrophotometer with an integrating sphere. Chemical state of different 

elements were analyzed using XPS that was carried out on ESCA+ Omicron 
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nanotechnology (Oxford Instrument, Germany) instrument with a base pressure in 

the analysis chamber of 10-9 Torr. The X-ray source was monochromatized Al Kα 

(hν =1486.7 eV) radiation and the binding energy scale was calibrated using the  

C 1s line (hν = 284.6 eV) of the adsorbed hydrocarbon on the sample surface. The 

operating voltage and current of the instrument was kept on 15 kV and 20 mA, 

respectively and short scan pass energy was kept at 20 eV. The magnetization 

measurments of all the samples were investigated at room temperature by varying 

the applied field from -7 T to +7 T using a Quantum Design MPMS-3 SQUID 

system. The zero field cooled (ZFC) and field cooled (FC) measurements were also 

recorded from 5 K to 300 K under different applied fields. 

 
5.3.  Results and Discussion 

5.3.1. Structural Properties 

5.3.1.1. XRD analysis 
 Figure 5.1(a) shows the indexed XRD patterns of the pure CeO2 

and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (for x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples. The XRD patterns 

for pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 samples shows the Bragg peaks (111), (200), (220) 

and (311) corresponding to the face centered cubic fluorite structure with Fm-3m 

space group [123]. The symmetry of the XRD patterns does not altered due to the 

incorporation of Fe-ions into the CeO2 lattice. The diffraction patterns shows absence 

of any secondary or impurity phase of Fe2O3, Fe3O4 or FeO in  𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 samples 

confirms the single face formation [119]. The peak position of the (111) plane is 

slightly shifted to the lower angle side (Table 5.1). This indicates that Fe3+ ions have 

been successfully incorporated into CeO2 lattice without forming any crystalline 

impurity phases. However, this peak shifting is also attributed to the lattice expansion 

induced by the incorporation of Fe3+ ions into the CeO2 lattice. XRD patterns of pure 

CeO2 and  𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs along with the 

Rietveld refinements are shown in Figure 5.2. The horizontal lower curve has been 

shown at the bottom of each Rietveld profile represent the difference between 

observed and calculated diffraction profile. The parameters obtained by the Rietveld 

refinement are listed in the Table 5.2. Rietveld refinements shows all the observed 

peak positions corresponds to standard Bragg positions of cubic fluorite structure of 

CeO2 with the space group Fm-3m, confirming the single phase of  𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2        
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(x = 0.02, 0.04, 0.06, 0.08, 0.10) NPs. All the XRD peaks are indexed according to 

JCPDS card no. 81-0792 for pure CeO2 [251].  

 

 

 
Figure 5.1: (a) XRD pattern of pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (for x = 0.02, 0.04, 
0.06, 0.08, and 0.10) samples (inset shows the [111] peak of all the samples) and (b) 
average crystalline size as a function of Fe-content obtained from TEM images. 
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Table 5.1: Calculated value of lattice spacing (d) for (111) plane, FWHM, Position of diffraction peak (2θ) for (111) plane, average 

crystalline size (D) measured from TEM, XRD line broadening corresponding to (111) diffraction peak and Raman line 

broadening, dislocation density (δ), lattice strain (ε), density (ρ) and specific surface area (Sa) are summarized in the table. 

Samples 

Parameters 

d (nm) 
FWHM Position  D (nm) 

δ (nm-2) ε×10-2 ρ (g/cm3) Sa (cm2/g) ×105 
(111) (2θ)  TEM XRD 

Pure CeO2 0.312 0.840 28.64  5.87 7.6 1.71 4.54 7.19 14.20 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 0.308 0.998 28.47  5.66 6.5 2.34 5.31 7.22 14.68 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 0.307 1.155 28.35  5.07 5.6 3.17 6.17 7.24 16.34 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 0.305 1.230 28.46  4.85 5.1 3.83 6.78 7.22 17.12 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 0.304 1.253 28.47  4.59 5.0 3.88 6.83 7.23 18.08 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 0.303 1.286 28.43  4.01 4.9 4.05 6.97 7.26 20.6 
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Table 5.2: Calculated values of lattice parameter (a), unit cell volume (V) and other fine details from Rietveld refinement analysis 

of the X-ray Diffraction data.  

Samples a (Å) V(Å3) Rp Rwp Rexp χ2 RBragg 

Pure CeO2 5.420 (17) 158.86 (9) 2.45 3.15 3.09 1.04 1.23 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 5.4096(20) 158.30 (10) 2.43 3.07 3.00 1.05 1.41 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 5.4033 (30) 157.76 (15) 2.70 3.42 3.03 1.27 3.18 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 5.4084 (30) 158.20 (15) 2.42 3.03 2.86 1.14 1.53 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 5.4053 (36) 157.93 (18) 2.80 3.52 3.19 1.22 2.50 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 5.3986 (35) 157.34 (18) 2.47 3.09 2.93 1.11 1.47 
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 The crystallite size (D) of pure CeO2 and  𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 
0.08, 0.10) NPs have been calculated for the most prominent (111) diffraction peak 
using Debye-Scherrer’s equation [88]:  

 𝑫𝑫 =
𝟏𝟏.𝟗𝟗 𝒏𝒏
𝜷𝜷 𝐜𝐜𝐜𝐜𝐬𝐬𝜽𝜽

                                                                (𝟓𝟓.𝟒𝟒) 

 
 Where, λ is the wavelength of Cu Kα radiation (1.5406 Å) of X-ray used, β is 
the full width at half maxima (FWHM) of XRD peaks (express in radian), θ is the 
Bragg angle of the diffraction planes. The crystallite size based on the characteristic 
peak (111) has been found in the range of  ~4-7 nm for all the samples (tabulated in 
Table 5.1). It has been apparent that the crystallite size is decreased with increase in 
the Fe-doping concentration, which exhibited the grain growth during the synthesis 
process [252]. On comparing the XRD diffraction peak (111) of pure CeO2 and 
 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 NPs, the FWHM values of the diffraction peak has been found to 
increase with the Fe-doping concentration, implying the reduction of the crystallite 
size of the particles. This may be due to replacement of the Ce4+ (0.097 nm) ions by 
Fe3+ (0.065 nm) ions in the crystal lattice, which has lower ionic radius as compared 
to Ce4+ ion. The lattice parameter (a) of pure CeO2 NPs is obtained from Rietveld 
refinement about 0.541 nm. After incorporation of Fe3+ ions in the CeO2 NPs, a 
continuous decrease has been found in the lattice parameter of  𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2NPs (as 
shown in Table 5.2). This change in lattice parameter induces the lattice strain due to 
the incongruity in the ionic radii of Fe3+ and Ce4+ and introducing Ce3+ ions as well 
as generate oxygen vacancies in the CeO2 lattice to retain the charge balance. These 
oxygen vacancies on the lattice site induce the strain in the crystal lattice and in 
order to minimize the strain, the unit cell undergoes an expansion [252]. The lattice 
strain (ε) has been calculated using the following formula [131]: 

𝜺𝜺 =
𝜷𝜷 𝐜𝐜𝐜𝐜𝐬𝐬𝜽𝜽

𝟒𝟒
                                                               (𝟓𝟓.𝟓𝟓) 

 
 The calculated values of lattice strain are given in Table 5.1. All samples 
have positive lattice strain and it increases after Fe3+ ion incorporation in the lattice, 
indicates tensile strain [253]. The lattice strain originated in the pure CeO2 NPs is 
due to the oxygen vacancies and Ce3+ ions present on the surface of the structure. 
With the incorporation of Fe3+ ions in CeO2, the value of lattice strain is increased 
due to formation of more oxygen vacancies in Fe-doped samples [158]. These 



Chapter 5: Study of Structural, Optical, Electronic Structure and Magnetic Properties…  

157 

induced strains in pure and Fe-doped CeO2 samples could be localized near the grain 
boundaries, which can be a reason for the reduction of the crystallite size on 
increasing the Fe-doping concentration in doped samples [254].  
 

  

  

  
Figure 5.2: Rietveld refinement profile of X-ray diffraction patterns of pure 

CeO2 and Fe-doped CeO2 (for 2%, 4%, 6%, 8% and 10%) NPs at 300 K. 

Observed (calculated) profiles are shown by dotted (solid) lines. The short 

vertical marks represent Bragg reflections. The lower curve is the difference plot. 
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 The length of dislocation per unit volume is defined as the dislocation 

density (δ), which has been calculated using the following relation [134, 255]: 

𝜹𝜹 =
𝟏𝟏
𝑫𝑫𝟐𝟐                                                                    (𝟓𝟓.𝟔𝟔) 

 Where, D is the average crystallite size. The dislocation density increases 

with the increase in Fe-doping concentration. 

 
 Now, the volume-mass density is another powerful parameter to characterize 

any material and its ability. It has ability to explore any changes in the crystal 

structure of the crystalline material [256]. It can be calculated theoretically from 

XRD and termed as X-ray density. For pure and Fe-doped CeO2 samples the density 

can be calculated using the following equation [257]: 

𝝆𝝆 =  
𝒏𝒏𝑩𝑩
𝟑𝟑𝑽𝑽

                                                                       (𝟓𝟓.𝟕𝟕) 

 
 Where, M is the molecular weight of the sample, N is Avogadro number 

(6.023× 1023), V is the volume of the unit cell (V = a3) and n is the number of atom 

per unit cell (n = 4) for the prepared CeO2 sample [258]. The X-ray density is found 

to increase with Fe3+ doping concentration which is because of decrease in the 

volume of the unit cell. It has been reported that the lattice parameter is inversely 

proportional to the X-ray density; therefore it decreases as the X-ray density 

increase. [255, 259].  

 
 The specific surface area (Sa) is calculated using X-ray density (ρ) and 

average crystallite size (D) of the samples by the following formula [260]: 

𝑺𝑺𝒂𝒂 =
𝟔𝟔

𝑫𝑫 × 𝝆𝝆
                                                                 (𝟓𝟓.𝟖𝟖)  

 
 It can be seen from Table 5.1 that the specific surface area increases with 

increasing Fe3+ doping concentration. This may be due to decrease in the average 

crystalline size of the Fe-doped samples. It should be noted that total surface energy 

increases with increase in the total surface area. Therefore, an increase in specific 

surface area is attributed to the high value of surface energy and hence a higher 

number of active surface sites [261].   



Chapter 5: Study of Structural, Optical, Electronic Structure and Magnetic Properties…  

159 

5.3.1.2. Surface Morphology 
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Figure 5.3: TEM image for pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (for x = 0.02, 0.04, 0.06, 
0.08, and 0.10) samples and inset histogram graphs shows the particle size of 
the corresponding sample. 
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 The surface morphology, size and structure of the pure CeO2 and 

 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (for x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs has been discussed using 

transmission electron spectroscopy. Figure 5.3 and 5.4 shows the TEM and HRTEM 

images for pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (for x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs, 

respectively. These images show the spherical shaped particles with aggregation and 

the morphology of the particles does not change with the incorporation of Fe3+-ions 

in CeO2 NPs. From the TEM images, the average crystallite size of the prepared 

samples has been calculated by the particle size distribution histogram (as shown in 

the inset of Figure 5.3). 

 
 The distribution has been found quite narrow in the range of ~4-5 nm, which 

are in good agreement with those obtained by XRD (as shown in Figure 5.1(b) and 

Table 5.1). The agglomeration of the particles indicates that the particles are 

nanocrystalline and promote the crystal growth with increase in the doping 

concentration of Fe3+ ions. Figure 5.4 shows the HRTEM images of pure CeO2 and 

 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 NPs. These images indicate well developed, fine crystalline and clear 

fringes, which are randomly oriented to each other corresponding to (111) plane of 

pure CeO2 and  𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 NPs. The lattice spacing (d) for pure CeO2 is about 

0.312 nm corresponding to (111) plane of the cubic fluorite structure. However, with 

the incoporation of Fe3+ ions a gradual decrease has been found in the lattice spacing 

(as shown in Table 5.1). The decrease value of lattice spacing indicates the high 

crystallinity of all samples as well as the incorporation of small radie Fe+3 cation in 

place of Ce+3/Ce+4 cation. 

 
 The inset of Figure 5.4 shows the SAED pattern of pure CeO2 and 

 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 samples. These SAED patterns made of concentric rings which are 

correspond to (111), (200), (220) and (311) planes for pure CeO2 and 

 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 samples, which confirms the cubic crystal structure of nanoparticles. 

These diffraction rings indicate that the particles are well crystallized with small 

particle size. The crystallinity of the samples has been found to increase with Fe3+ 

doping concentration. 
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Figure 5.4: HRTEM images of pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (for x = 0.02, 0.04, 

0.06, 0.08, and 0.10) samples with d-spacing for (111) plane and inset show the 

SAED pattern of corresponding sample. 



Chapter 5: Study of Structural, Optical, Electronic Structure and Magnetic Properties…  

164 

5.3.2. Optical Properties 

5.3.2.1. UV-Vis-NIR analysis 

 The optical absorption spectra of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 

0.06, 0.08 and 0.10) NPs are shown in the Figure 5.5(a). The absorption spectra have 

been measured in the range of 200-700 nm. The sharp absorbance peak of pure CeO2 

appears at about 308 nm. After incorporation of Fe3+ ions, the maximum absorption 

peaks of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs are found at 327.8, 

328, 327.7, 330 and 338 nm, respectively. This shows a strong absorbance below 

400 nm with the absorption peak in the UV-range. These peaks are generated due to 

charge transfer from 2p valance band of O2- to 4f conduction band of Ce4+ states in 

CeO2 NPs [179]. It can be clearly seen from absorption spectra, the optical 

properties are changed due to doping of Fe3+ ions in CeO2 NPs. The doping of Fe+3 

ion shift the absorption edges towards higher wavelength i.e. red shift and increases 

up to 338 nm. Since, the absorbance appear in the UV region that indicates that the 

band gap energy (Eg) of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs is 

lower than that of pure CeO2 NPs, which clearly show the doping effect in CeO2 

NPs. The red shift of the absorption edges of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 

and 0.10) NPs are due to the result of interfacial polaron effect arising from electron-

phonon interaction [262]. The optical band gap (Eg) for all samples has been 

calculated using Tauc’s equation [263]: 

𝜶𝜶𝒉𝒉𝜶𝜶 = 𝑨𝑨(𝒉𝒉𝜶𝜶 − 𝑬𝑬𝒈𝒈)𝒏𝒏                                                    (𝟓𝟓.𝟗𝟗) 

 
 Where, α is the absorption coefficient, hν is the energy of the incident 

photon, Eg is the optical band gap energy, A is a constant relative to material and n is 

an index that depends on the nature of transition (n = 1/2 for direct allowed 

transition). For direct allowed transition, (αhν)2 versus hν extrapolate the linear part 

of the curve to x-axis gives the absorption band gap energy. Figure 5.5(b) shows the 

Tauc’s plots of the pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) 

NPs. From the Tauc’ plot the band gap of pure CeO2, and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 

0.04, 0.06, 0.08 and 0.10) NPs has been calculated as 3.06, 2.79, 2.78, 2.74, 2.73 and 

2.58 eV, respectively. The band gap of pure CeO2 NPs (3.06 eV) is smaller than that 

of reported bulk CeO2 (3.2 eV) [167]. This reduction can be attributed to the 
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modulation of 4f electronic states from Ce4+ (4f0) to Ce3+ (4f1) implies the entrance 

of an extra electron into the 4f orbital, and this occupation of an extra electron in the 

orbital reduces the band gap energy of pure CeO2 NPs [66]. 

 

 

 
Figure 5.5: (a) Room temperature optical absorbance spectra taken in the UV-
visible range and (b) Tauc’s plot of (αhυ)2 versus Energy (eV) for the pure 
CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (for x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples.  
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 The variation of Eg with the fluency of Fe-doping concentration is shown in 

Figure 5.6, from which the band gap energy is observed to reduce with the fluency 

of Fe3+-ions concentration. 

 

 
Figure 5.6: Variation of band gap energy with Fe-doping concentration. 

 
 Reduction of band gap may be due to creation of defect levels due to 

incorporation of Fe-doping [264]. The band gap energy of the material may also be 

influenced by either quantum size effect or electronegativity of the oxygen and 

metallic element [66]. But these factors may not be significant here since the 

quantum size effect apply only when the nanoparticles are in the narrow range of 

~2-3 nm, results increase in band gap, whereas, the large difference in the 

electronegativity of oxygen and metallic element should also increase the band gap 

energy. Since, the electronegativity of Fe (1.81) is higher than Ce (1.12), therefore, 

the band gap of the Fe-doped CeO2 samples should be larger than that of pure CeO2. 

However, the observed difference in the band gap doesn’t explain by the above 

mention factors. Hence, in the Fe-doped system, the reduction in the band gap may 

be due to appearance of localized impurity defect level created by the fluency of 

Fe3+ ions doping, which may cause the oxygen vacancies and Ce3+ defects [265].  
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The refractive index (n) of pure CeO2 and  𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2  NPs for optical band gap 

energy (Eg) has been calculated using following equation: 

𝒏𝒏𝟐𝟐 − 𝟏𝟏
𝒏𝒏𝟐𝟐 + 𝟐𝟐

= 𝟏𝟏 − �
𝑬𝑬𝒈𝒈
𝟐𝟐𝟏𝟏

                                                      (𝟓𝟓.𝟏𝟏𝟏𝟏) 

 The calculated values of refractive index of pure CeO2, 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (for x = 

0.02, 0.04, 0.06, 0.08 and 0.10) samples are 2.38, 2.45, 2.46, 2.47, 2.50 and 2.52, 

respectively. The value of n is increasing with the increase in the Fe-dopant ions in 

CeO2 NPs, which revel that structure becomes denser with the fluency of Fe-ions 

concentration indicating a closely packed structure due to incorporation of smaller 

radie Fe cation [119]. 

  
5.3.2.2. Raman Analysis 
 For investigating the effect of Fe-ions doping on phase, change in the local 

structure and defects such as oxygen vacancies, Raman spectroscopic measurements 

have been taken on our well characterized pure CeO2 and Fe-doped CeO2 NPs. 

Figure 5.7 shows the Raman spectra of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 

0.06, 0.08 and 0.10) NPs, measured in the range of 220-1320 cm-1. 

 
Figure 5.7: Raman spectra of pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (for x = 0.02, 0.04, 

0.06, 0.08 and 0.10) samples. 
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 The Raman peak observed at ~440-460 cm-1 is attributed to the Raman active 

vibrational mode (F2g) of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 

0.10) NPs, which is corresponding to the symmetrical breathing mode of the oxygen 

ions around Ce4+ ions (O-Ce-O) [253, 266]. The F2g mode is assigned to the cubic 

fluorite metal dioxide, related to the first-order symmetrical stretching mode of Ce-

O8 vibrational unit. This mode is sensitive to any disorder in the oxygen sublattice 

resulting from thermal, doping and particle size induced effects [267]. The Raman 

active mode (F2g) is shifted about 3.5 cm-1 compared with the bulk CeO2 (464 cm-1) 

with the Fe+3 ion doping, due to the change in the bond length or lattice spacing 

[179]. Now, for pure CeO2 NPs, the shifting in the F2g peak is related with the 

increased value of lattice spacing due to the smaller size of CeO2 (5.87 nm) NPs 

[268]. Moreover, the frequency shift in Raman active mode can also be calculated 

by the following equation [269]: 

∆𝝎𝝎 = −𝟑𝟑𝟑𝟑𝝎𝝎𝒐𝒐 �
∆𝒂𝒂
𝒂𝒂𝒐𝒐
�                                               (𝟓𝟓.𝟏𝟏𝟏𝟏) 

 
 Where, Δω is the Raman frequency shift, γ is the Grüneisen constant (for 

CeO2 γ =1.24), ωo is the Raman frequency of bulk CeO2 (464 cm-1), Δa is the 

change in the lattice parameter, and ao is the lattice parameter of bulk CeO2      

(0.541 nm). The calculated Raman frequency shift is about 3.19 cm-1 which is 

approximately close to the above experimental value. However, it has been observed 

that F2g mode is shifted to the lower frequencies (red shift) after incorporation of 

Fe3+ ions, the values are tabulated in Table 5.2. This shift may be ascribed due to 

symptomatic increase in the tensile stress and related defects such as oxygen 

vacancies generated when Fe3+ ions substitutes the Ce4+ ions in the lattice of CeO2 

NPs [270]. The fractional change in lattice parameter of pure CeO2-δ NPs is due to 

the consequences of the formation of oxygen vacancies that leads to the oxygen 

deficit (δ) material. The oxygen deficit constant (δ) can be calculated by using the 

following equation [271]: 

𝜹𝜹 = 𝟐𝟐.𝟔𝟔𝟔𝟔 �
∆𝝎𝝎
𝝎𝝎𝒐𝒐

�                                              (𝟓𝟓.𝟏𝟏𝟐𝟐) 
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 The δ value of CeO2-δ NPs is 0.018, which indicates the replacement of 

Ce4+ ions by Ce3+ ions, which is partially compensated by the loss of large O2 

(1.380 Å) and hence indicate the formation of oxygen vacancies (1.164 Å) [272]. 

In addition, the broadening of Raman active mode (F2g) has been observed after 

incorporation of Fe3+ ions and is found to increase with dopant Fe+3 ions 

concentration, which may be ascribed due to the reduction in the phonon lifetime 

in the nanocrystalline samples [200, 147]. However, the red shift and the 

broadening of F2g peak for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 samples may be due to the decrease in the 

crystallite size, which has been evidenced from our XRD results [273]. Besides of 

Raman active mode (F2g), two second-order Raman modes are also appeared in the 

range of ~246-275 cm-1 and ~548-577 cm-1, which are assigned to the second-

order transverse acoustic mode (2TA) and non-degenerated longitudinal optical 

mode (LO), respectively [274]. The latter Raman peak ~548-577 cm-1 is related to 

the defects which results from the formation of oxygen vacancies (Ov). This 

Raman peak for pure CeO2 NPs is appeared due to the replacement of Ce4+ ions by 

Ce3+ ions, results in formation of oxygen vacancies at Ce3+ site. While, for Fe-

doped CeO2 samples this Raman peak originates due to Fe3+ ion replaces Ce4+ ion 

and oxygen vacancies are generated to balance the charge compensation [275]. 

The Raman peak appeared in the range of ~1165-1181 cm-1 is another second 

overtone of the longitudinal optical mode (2LO) [173, 276]. Absence of any 

Raman peak corresponding to the impurity phase related to Fe-ion such as Fe2O3 

exhibits at 222, 288, 407 and 605 cm-1, which are not observed in the 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs Raman spectra, which confirms the well 

incorporation of Fe3+ ions in the CeO2 matrix [277], also support the observations 

made from XRD results. The peak intensity of F2g and oxygen vacancy bands has 

been calculated by Gaussian fitting and indicated as 𝐼𝐼𝐹𝐹2𝑔𝑔  and 𝐼𝐼𝑂𝑂𝑣𝑣 , respectively, and 

their relative intensity ratio is tabulated in Table 5.3.  
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Table 5.3: The Position of Raman active modes from Raman spectra, grain size, defect concentration and relative peak intensity ratio 

Samples Grain Size 
(dg) 

Defect Concentration 

N (cm-3) 

Position of Raman active mode (cm-1) and Vibrational Mode 

𝑰𝑰𝑶𝑶𝒗𝒗  
𝑰𝑰𝑭𝑭𝟐𝟐𝒈𝒈
�  

𝟐𝟐𝑻𝑻𝑨𝑨 

First-order Scattering  Second-order Scattering  

𝑭𝑭𝟐𝟐𝒈𝒈  𝑨𝑨𝟏𝟏𝒈𝒈 + 𝑭𝑭𝟐𝟐𝒈𝒈 (𝑶𝑶𝒗𝒗) 𝟐𝟐𝟐𝟐𝑶𝑶  

Pure CeO2 7.0 1.2×1021 275.8 460.5  577.9 1172.7  0.032 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 4.0 2.2×1021 255.8 457.7  576.9 1181.0  0.074 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 3.7 2.4×1021 258.6 453.1  565.5 1182.3  0.090 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 2.3 3.8×1021 255.1 444.5  565.9 1177.5  0.095 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 2.5 3.5×1021 245.8 440.9  561.1 1174.1  0.062 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 2.7 3.3×1021 270.1 440.6  548.2 1165.7  0.067 
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 The 𝐼𝐼𝑂𝑂𝑣𝑣 /𝐼𝐼𝐹𝐹2𝑔𝑔 ratio reveals the relative concentration of oxygen vacancies 

present in the respective pure and Fe-doped CeO2 samples. From Table 5.3, it can be 

observed that Fe-doping gradually increases the amount of oxygen vacancy up to 

6% doping concentration of Fe-ions, after that it decrease at 8% and further increase 

at 10% doping concentration. It can be observed that the larger amount of oxygen 

vacancy present in the 6% Fe-doped CeO2 sample as compared to the other samples. 

Moreover, Raman line broadening of F2g mode can be described by the dependence 

with its half-width at half-maxima (HWHM) on the inverse of grain size, which 

follows the linear behaviour [278]: 

𝜞𝜞 (𝒄𝒄𝒏𝒏−𝟏𝟏) = 𝟏𝟏𝟏𝟏 + �
𝟏𝟏𝟐𝟐𝟒𝟒.𝟕𝟕
𝟐𝟐𝒈𝒈(𝒏𝒏𝒏𝒏)

�                                             (𝟓𝟓.𝟏𝟏𝟐𝟐) 

 
 Where, Γ (cm-1) is full width at half maxima (FWHM) of F2g mode and dg is 

the grain size. The above mentioned relation can be used for determining the grain 

size of the samples, we have shown the calculated grain size in Table 5.3. Figure 5.8 

displays the dependence of the HWHM of the Raman line of F2g mode on the 

inverse of the grain size, which is in good correlation with the reports for the CeO2 

nanocrystalline samples [147]. HWHM values of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.00, 0.02, 0.04, 

0.06, 0.08 and 0.10) samples are 13.8, 20.4, 21.4, 31.2, 29.8 and 27.6 cm-1, 

respectively, shows that HWHM increases with decreasing the grain size.  

 
Figure 5.8: The relationship between the half-width at half-maxima (HWHM) 
of the Raman line broadening of F2g and the inverse of the grain size (dg) 
obtained for pure CeO2 and Fe-doped CeO2 NPs. 
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The concentration of oxygen vacancies has been calculated using spatial correlation 

model from the relationship between correlation length (L) and grain size (dg) [279]: 

𝟐𝟐 (𝒏𝒏𝒏𝒏) = ��
𝜶𝜶
𝟐𝟐𝟐𝟐𝒈𝒈

�
𝟐𝟐

��𝟐𝟐𝒈𝒈 − 𝟐𝟐𝜶𝜶�
𝟑𝟑

+ 𝟒𝟒𝟐𝟐𝒈𝒈𝟐𝟐𝜶𝜶�
𝟑𝟑

                            (𝟓𝟓.𝟏𝟏𝟑𝟑) 

  Where, L is the average distance between two lattice defects and α is the 

radius of CeO2 units (0.34 nm) determined from universal constants. The oxygen 

defect concentration (N) can also be calculated from the correlation length (L) as a 

function of grain size [279]: 

𝟑𝟑 (𝒄𝒄𝒏𝒏−𝟑𝟑) =
𝟑𝟑

𝟒𝟒𝟑𝟑𝟐𝟐𝟑𝟑
                                           (𝟓𝟓.𝟏𝟏𝟒𝟒) 

 
 The calculated values of N for all samples are shown in Table 5.3. Figure 5.9 

shows the concentration of oxygen vacancy of pure CeO2 and Fe-doped CeO2 

samples as a function of their grain size (dg). This shows that Ce0.94Fe0.06O2 sample 

has highest concentration of oxygen vacancies on their surface (3.8×1021 cm-3) as 

well as lowest grain size, which is confirming that for small grain size the defect 

concentration become higher for our samples. 

 

 
Figure 5.9: Concentration of oxygen vacancies as a function of grain size of 

pure CeO2 and Fe-doped CeO2 samples 
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5.3.3. Electronic Structure Properties 
5.3.3.1. XPS analysis 
5.3.3.1.1. Ce 3d XPS Spectra 
 The chemical state of the elements present in the pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 
(x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs has been investigated by XPS techinque. 
The core level spectra of Ce 3d, O 1s and Fe 2p has been recorded and depicted in 
the Figure 5.10, 5.11 and 5.12, respectively. All the peaks has been calibrated with 
the C 1s peak at 284.6 eV. A Guassian fit has been carried out for all the core level 
XPS spectra of Ce 3d, O 1s and Fe 2p. Figure 5.10 depicts the Ce 3d core level XPS 
spectra for pure CeO2 and  𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs. 
Ce 3d peaks for pure and Fe-doped CeO2 NPs display a complex spectra due to co-
existence of multiple oxidation states of Ce-ion. The peaks labelled as ‘u’ and ‘v’ is 
due to the 3d3/2 and 3d5/2 spin-orbit coupling states, repsectively. The peaks denoted 
by v, v’’, v’’’, u, u’’ and u’’’ are characteristics peaks of Ce4+ ions and remaining 
other peaks marked as vo, v’, uo and u’ are of Ce3+ ions. It has been reported that the 
two spin-orbit doubling states for Ce3+ ions i.e. uo (vo) and u’ (v’) are arising due to 
overlapping of the Ce 4f levels with the O 2p states that contain Ce (3d9 4f2) O 2p5 
and Ce (3d9 4f1) O 2p6 electronic confugration, respectively. Whereas, the three 
doublet states for Ce4+ ions i.e. u (v), u’’ (v”) and u’” (v’”) are containing Ce (3d9 
4f2) O 2p4, Ce (3d9 4f1) O 2p5, Ce (3d9 4f0) O 2p6 electronic confugration, 
respectively [119].  
 
 The spin-orbit splitting energy for the peaks u and v for pure CeO2 and 
𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs is about 18.7, 18.5, 18.9, 18.4, 
18.6 and 18.1, respectively. The positions of deconvoluted peaks of all samples are 
presented in Table 5.3. Form the above mentioned details of Ce 3d XPS spectra of 
all samples indicate coexistance of both Ce4+ and Ce3+ oxidation sates for Ce-ions. 
The surface concentration of Ce3+ and Ce4+ for all the samples has been calculated 
using the following equations [206], 

[𝟐𝟐𝟐𝟐𝟑𝟑+] =
𝑨𝑨𝟐𝟐𝟐𝟐𝟑𝟑+

𝑨𝑨𝟐𝟐𝟐𝟐𝟑𝟑+ + 𝑨𝑨𝟐𝟐𝟐𝟐𝟒𝟒+
 × 𝟏𝟏𝟏𝟏𝟏𝟏%                                           (𝟓𝟓.𝟏𝟏𝟓𝟓) 

[𝟐𝟐𝟐𝟐𝟒𝟒+] =
𝑨𝑨𝟐𝟐𝟐𝟐𝟒𝟒+

𝑨𝑨𝟐𝟐𝟐𝟐𝟑𝟑+ + 𝑨𝑨𝟐𝟐𝟐𝟐𝟒𝟒+
 × 𝟏𝟏𝟏𝟏𝟏𝟏%                                           (𝟓𝟓.𝟏𝟏𝟔𝟔) 

 Where, 𝐴𝐴𝐶𝐶𝐶𝐶3+ = 𝑣𝑣𝐶𝐶 +  𝑣𝑣’ +  𝐶𝐶𝐶𝐶 +  𝐶𝐶’ and 𝐴𝐴𝐶𝐶𝐶𝐶4+ =  𝑣𝑣 +  𝑣𝑣’’ +  𝑣𝑣 ′′′ + 𝐶𝐶 +
 𝐶𝐶’’ +  𝐶𝐶’’’ are the sum of the area of Gaussian peaks of various final states. 
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Figure 5.10: Ce 3d XPS spectra of pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 

0.06, 0.08 and 0.10) NPs at 300K  
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Table 5.4: Ce 3d XPS peak assignments for pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples 

Sample 

Peak assignments and Binding Energy (eV)  

[Ce3+] [Ce4+] [Ce3+]/[Ce4+] 
𝟐𝟐𝟐𝟐 𝟑𝟑𝟐𝟐𝟓𝟓/𝟐𝟐  𝟐𝟐𝟐𝟐 𝟑𝟑𝟐𝟐𝟑𝟑/𝟐𝟐  

vo 
Ce3+ 

v 
Ce4+ 

v’ 
Ce3+ 

v’’ 
Ce4+ 

v’’’ 
Ce4+  uo 

Ce3+ 
u 

Ce4+ 
u’ 

Ce3+ 
u’’ 

Ce4+ 
u’’’ 
Ce4+  

Pure CeO2 880.4 883.3 885.9 890.3 895.8  899.4 902 905.2 908.1 916.3  41.51 58.48 0.71 

𝐶𝐶𝐶𝐶0.98𝐹𝐹𝐶𝐶0.02𝑂𝑂2 879.6 881.5 884.3 887.8 895.4  897.5 900.0 902.5 906.3 915.7  35.72 64.27 0.56 

𝐶𝐶𝐶𝐶0.96𝐹𝐹𝐶𝐶0.04𝑂𝑂2 882.8 883.4 886.2 889.7 896.0  899.5 902.3 904.3 908.3 917.5  45.93 54.06 0.85 

𝐶𝐶𝐶𝐶0.94𝐹𝐹𝐶𝐶0.06𝑂𝑂2 883.2 883.5 884.9 890.2 898.2  899.7 901.9 904.0 908.5 917.7  34.50 65.49 0.53 

𝐶𝐶𝐶𝐶0.92𝐹𝐹𝐶𝐶0.08𝑂𝑂2 881.5 881.9 885.2 888.9 896.6  898.2 900.5 902.8 906.8 916.1  36.37 63.62 0.57 

𝐶𝐶𝐶𝐶0.90𝐹𝐹𝐶𝐶0.10𝑂𝑂2 878.5 880.9 883.7 887.2 894.4  896.6 899.0 903.8 907.9 914.8  36.69 63.30 0.58 
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 The relative concentration of Ce3+ ions has been calculated by [Ce3+]/[Ce4+] 

ratio, indicates larger Ce3+ concentration for Ce0.96Fe0.04O2 sample than that of other 

samples (as shown in Table 5.4). However, the variation in the fluency of Fe-ions 

affects the concentration of Ce3+ ions of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 

0.10) samples, which may be due to the introduction of Fe3+ ions into CeO2 NPs 

causes the partial reduction of Ce4+ ions [280]. Furthermore, increase in the 

[Ce3+]/[Ce4+] ratio also indicates the formation of oxygen vacancies at the lattice 

side for maintaining the charge neutrality when the oxidation state Ce4+ change to 

Ce3+ state of Fe-doped CeO2 samples.  

 
5.3.3.1.2. Fe 2p XPS Spectra 

 The Fe 2p XPS spectra of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) 

samples are shown in Figure 5.11. The Fe 2p XPS spectra shows the characteristic 

peaks Fe 2p3/2 and Fe 2p1/2 at binding energies around 714.30 and 728.26 eV (for 

Ce0.98Fe0.02O2), 715.13 and 728.99 eV (for Ce0.96Fe0.04O2), 715 and 728.46 eV (for 

Ce0.94Fe0.06O2), 714.98 and 728.83 eV (for Ce0.92Fe0.08O2) and 716.59 and 730.57 eV 

(for Ce0.90Fe0.10O2), respectively. The observed peak positions at these binding 

energy positions are corresponding to the Fe3+ oxidation state of Fe-ion [281]. The 

binding energy difference between Fe 2p3/2 and Fe 2p1/2 for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 

0.04, 0.06, 0.08 and 0.10) samples is about 13.96, 13.01, 13.86, 13.46, 13.85, and 

13.98 eV, respectively.  

 
 With the change in the concentration of Fe-ions in the CeO2 NP samples, the 

core level Fe 2p XPS spectra shows variation in the binding energies, which may be 

due to the incorporation of Fe2+ in place of Fe3+ ions. The increase in the values of 

difference in the binding energy suggested presence of Fe3+ states and decrement 

suggested the change in the oxidation state of Fe-ion from Fe3+ to Fe2+, which may 

be due to the change in the electro-negativity of the ligands. Since, the elecro-

negativity of Fe-ion (1.83) is higher than Ce-ion (1.12) on pauling scale, due to this 

the electron density near Fe-ions increases. Therefore, with the smaller amount of 

energy, Fe 3d electrons easily promote to unfilled Fe 4s orbital, due to this reason 

Fe3+ changes to Fe2+ state [282].    
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Figure 5.11: Fe 2p XPS spectra of pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 

0.06, 0.08 and 0.10) NPs 

 
5.3.3.1.3. O 1s XPS Spectra 

 Figure 5.12 displays the O 1s XPS spectra of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2  

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) NP samples. The O 1s XPS spectra of all 

samples are fitted with three Gaussians centred at ~525.2-528 eV, ~528.1-529.3 eV 

and 530.3-531.7 eV is attributed to lattice oxygen O2- (OL), oxygen vacancies (OV) 

related to the oxygen bound to Ce3+ states and surface hydroxyl group and various 

carbonate species, respectively [281, 283, 284]. The positions of deconvoluted O 1s 

peaks of all samples are shown in Table 5.5. It can be clearly observed that after 

incorporation of Fe-ions into the CeO2 lattice site, position of peaks have been found 

to shift towards the higher binding enegy side, which may be due to higher electro-

negativity of Fe-ion (1.83) than that of Ce-ion (1.12). The quantitative estimation of 

lattice oxygen (OL) and oxygen vacancies (OV) has also been shown in Table 5.5. 

  



Chapter 5: Study of Structural, Optical, Electronic Structure and Magnetic Properties…  

179 

Table 5.5: XPS binding energies of individual peaks of O 1s spectra for pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08  

and 0.10) samples 

Sample 

O 1s Peak position 

Lattice oxygen species (OL)  Oxygen vacancy species (OV)  𝐎𝐎𝐇𝐇− group species BE (eV) 

BE (eV) %𝑶𝑶𝟐𝟐 =
𝑨𝑨𝑶𝑶𝟐𝟐

𝑨𝑨𝑶𝑶𝟐𝟐 + 𝑨𝑨𝑶𝑶𝑽𝑽
× 𝟏𝟏𝟏𝟏𝟏𝟏  BE (eV) %𝑶𝑶𝑽𝑽 =

𝑨𝑨𝑶𝑶𝑽𝑽
𝑨𝑨𝑶𝑶𝟐𝟐 + 𝑨𝑨𝑶𝑶𝑽𝑽

× 𝟏𝟏𝟏𝟏𝟏𝟏  (Oα) 

Pure CeO2 525.25 34.51  528.24 65.48  531.05 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟖𝟖𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟐𝟐𝑶𝑶𝟐𝟐 527.29 47.25  528.11 52.74  530.45 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟔𝟔𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟒𝟒𝑶𝑶𝟐𝟐 527.03 53.15  528.18 46.84  531.06 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟒𝟒𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟔𝟔𝑶𝑶𝟐𝟐 528.95 58.44  529.39 41.55  531.87 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟐𝟐𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟖𝟖𝑶𝑶𝟐𝟐 526.95 38.47  528.84 61.52  531.71 

𝟐𝟐𝟐𝟐𝟏𝟏.𝟗𝟗𝟏𝟏𝑭𝑭𝟐𝟐𝟏𝟏.𝟏𝟏𝟏𝟏𝑶𝑶𝟐𝟐 525.87 40.74  528.23 59.25  530.35 
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 The relative area ratio of OL and OV indicates that with the incorporation of 
Fe-ions, the lattice oxygen is increased while oxygen vacancies is found to decrease. 
From our analysis of Ce 3d XPS core level spectra, we have detected the presence of  
Ce3+ cations in all the samples, which show the production of oxygen vacancy.  
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Figure 5.12: O 1s XPS spectra of pure CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 

0.06, 0.08 and 0.10) NPs 
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 With the long time aging of the CeO2 samples, Ce3+ contents has been 

reported to decrease [281], similarly we can say that in our samples the Ce+3 

contents may be changing along with the relative area ratio of OL and OV. From this 

observation we can conclude that oxygen vacancy concentration is deceasing with 

the different doping concnetration of Fe-ions, which may be due to the incorporation 

of Fe-ions on oxygen vacancy sites, thereby reducing Ce3+ concentration in the 

samples [285].  

 
5.3.4. Magnetic Properties  

 Figure 5.13 shows the room temperature magnetization of the pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs samples measured as a 

function of magnetic field and calculated saturation magnetization (MS), coercivity 

(HC) and remanent  magnetization (Mr) values, which are given in the Table 5.6. It 

has been found that pure CeO2 NPs shows a systematic hysteresis loop with 

saturation magnetization Ms = 0.103 emu/g. Furthermore, coercivity and remanent 

magnetization for pure CeO2 NPs is about HC = 30.02 Oe and Mr = 1.28×10-4 emu/g, 

respectively, which shows the weak ferromagnetic behaviour of pure CeO2 NPs at 

room temperature. Although, it has been reported that the stoichiometric bulk CeO2 

is a diamagnetic, but when size of the CeO2 particles dropdown to the nano-meter 

range it shows RTFM. Same behaviour has been found in our present work i.e. a 

weak RTFM in pure CeO2 NPs sample, which has reported in some other work also 

[15, 65]. 

 
 The origin of RTFM in pure CeO2 NPs is attributed to the formation of 

oxygen vacancies due to conversion of Ce4+ to Ce3+ oxidation state of cerium ions. 

At the nanoscale, Ce4+ states get partially reduce to Ce3+, which is leading to the 

existence of Ce cation in the mixed valency, due to it CeO2 deviates from perfect 

stoichiometry. Our XPS and Raman results support the presence of mixed valency of 

Ce-ions and oxygen vacancy in CeO2 NPs, respectively. The formation of oxygen 

vacancy defect leads to induce the magnetic moment in the nearby Ce3+ atoms. The 

Ce3+ atom has partially filled 4f orbital with one unpaired electron which is 

contributing the RTFM in the CeO2 system, whereas Ce4+ with empty 4f orbital do 

not contribute to RTFM. 
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Figure 5.13: Magnetization versus magnetic field plot for pure CeO2 and 

𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs samples at room 

temperature (300K) 

 
 The spin interaction between Ce3+ and oxygen vacancy arises in accordance 

with FCE mechanism, which leads ferromagnetism in the CeO2 NPs. According to 

FCE mechanism, it is possible that oxygen vacancy (VO) create magnetic moment 

on the neighbouring Ce ions such as Ce3+-VO-Ce3+. Moreover, 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2            

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs samples show a systematic loop of a 

typical paramagnetic component and this component became prominent with 

increasing the dopant concentration (as shown in Figure 5.13). The saturation 

magnetization (Ms) value for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs 

samples has been calculated using law of approach and it is about 0.238, 0.371, 

0.467, 0.578, and 0.609 emu/g, respectively. The magnetic moment per formula unit 

for pure and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs samples is 

tabulated in Table 5.6, which shows gradual increment with Fe-dopant in CeO2 NPs. 
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The influence of Fe-doping causes a decrease in the remanent magnetization from 

2.08×10-4 emu/g to 8.82×10-5 emu/g and increase in the saturation magnetization 

(Table 5.6). 

 
Table 5.6: Summary of saturation magnetization (Ms), remanent magnetization 

(Mr), coercivity (Hc) and magnetic moment per formula unit (𝝁𝝁𝒇𝒇.𝒖𝒖.) for pure 

CeO2 and 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs       

Sample Ms 
(emu/g) 

Mr  
(emu/g) ×10-4 

Hc 
(Oe) 

𝝁𝝁𝒇𝒇.𝒖𝒖. 
(𝝁𝝁𝑩𝑩/𝒂𝒂𝒂𝒂𝒐𝒐𝒏𝒏) 

χ × 10-5 
(emu/(g-Oe)) 

Pure CeO2 0.1029 1.28 30.02 0.0031 2.07 
𝐶𝐶𝐶𝐶0.98𝐹𝐹𝐶𝐶0.02𝑂𝑂2 0.2384 2.08 25.18 0.0072 4.57 
𝐶𝐶𝐶𝐶0.96𝐹𝐹𝐶𝐶0.04𝑂𝑂2 0.3718 0.625 6.61 0.0112 4.18 
𝐶𝐶𝐶𝐶0.94𝐹𝐹𝐶𝐶0.06𝑂𝑂2 0.4672 - - 0.0139 4.55 
𝐶𝐶𝐶𝐶0.92𝐹𝐹𝐶𝐶0.08𝑂𝑂2 0.5789 0.782 10.23 0.0171 5.56 
𝐶𝐶𝐶𝐶0.90𝐹𝐹𝐶𝐶0.10𝑂𝑂2 0.6098 0.882 7.10 0.0178 5.96 

 
 The observed change in the magnetic properties of CeO2 NPs with the 

increase in the Fe concentration can be correlated with the decrease in the lattice 

constant (as shown in Table 5.2) due to incorporation of Fe ions in CeO2 [224]. The 

RTFM in pure CeO2 is due to reduction of Ce4+ ion into Ce3+, which introduces a 

non-stoichiometric defect into CeO2 lattice in order to compensate the charges, as 

discussed previously. While in case of doping, it is reported by many researchers 

that magnetic properties are related to the formation of metallic clusters, secondary 

phases or development of defects induced by the doping. In our present work, the 

formation of magnetic cluster and secondary phases are ruled out by the XRD, TEM, 

Raman and XPS analysis in 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs 

samples. Thus, the magnetic properties of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 

and 0.10) NPs samples are arise due to owing of doping effect only. In addition of 

that, the variation of the particle size also affects the magnetic properties of the 

nanomaterials. Since, the XRD and TEM analyses confirm the gradual decrements 

in the particle size of all the samples (Table 5.1).  

 
 However, it has been seen that Ms is continuously enhanced when particle 

size decreases with increase in the Fe content in CeO2 NPs. Furthermore, increase of 
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defects such as oxygen vacancies may also be responsible for enhancing the 

magnetic properties in nanomaterials. Although, the Raman analysis gave the 

evidence about increase of defect concentration as well as oxygen vacancies 

concentration with increasing doping concentration up to an optimal doping (6% Fe) 

and afterword it is going to decrease. However, Ms values are found to increase 

continuously with increasing Fe-doping concentration in the present study. This 

shows that the trivalent Fe-ion doping in CeO2 is inducing additional oxygen 

vacancies which contribute towards enhancing the magnetization in the material. 

Generally, Ce3+ (4f1) and Fe3+ (3d5) ions are paramagnetic, therefore, it is expected 

that with the fluency of Fe3+-ions in the crystalline lattice of CeO2 NPs, reduces the 

ferromagnetic ordering and increases the linear paramagnetic component in Fe-

doped CeO2 samples [286]. Since, every Fe3+-ion has one unpaired electron in low 

spin state (3d5) that can influence ferromagnetic ordering at low doping 

concentration (2%) of Fe3+ ions and the magnetism has been observed in this 

sample. This behaviour can be associated with the presence of FCE coupling, in 

which both oxygen vacancies and Fe-ions are involved. According to the FCE, the 

coupling between the oxygen vacancy and Fe3+ ions formed complex structure 

𝐹𝐹𝐶𝐶3+(↑) − 𝑉𝑉𝑂𝑂(↓)− 𝐹𝐹𝐶𝐶3+(↑) or 𝐶𝐶𝐶𝐶3+(↑) − 𝑉𝑉𝑂𝑂(↓) − 𝐹𝐹𝐶𝐶3+(↑). This FCE forms 

bound magnetic polarons (BMP) at low doping concentration of Fe-ions in the 

structure, which can overlap with the neighbouring BMP. This results in the long 

range Fe-Fe ferromagnetic coupling in the CeO2 NPs. Our XPS spectra also shows 

evidence of Fe3+ substitution in the CeO2 sample, and presence of Ce3+ ions, which 

can be attributed to the oxygen vacancies in the Fe-doped CeO2 samples. But, the 

observed paramagnetic effect with the fluency of Fe-ions may be due to the presence 

of Fe3+ ions at interstitial site that are not magnetically ordered irons. Therefore, as 

Fe-content increases gradually, the Fe-ions comes close together and increases the 

superexchange interaction between the neighbouring Fe-ions in a complex form 

Fe3+-O2--Fe3+, which gives rise to an antiferromagnetic interaction [65].  

 
 The temperature dependent magnetization M-T curve of 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2          

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) samples samples are measured under the 

applied field (H) of 100 Oe in the ZFC and FC modes (Figure 5.14). The ZFC and 
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FC curves show the similar behaviour of all samples and no evidence of secondary 

phase has been existed down to 10 K. The Curie temperature (TC) or Neel 

temperature (TN) in the Fe-doped CeO2 samples do not match to the reported values 

for FeO (TN ~200 K), Fe2O3 (TC ~240 K) or Fe3O4 (TC ~858 K) [287]. The 

paramagnetic contribution in Fe-doped CeO2 samples is identified by using Curie-

Weiss equation, i.e. χ = C/(T-θ), where, χ is the magnetic susceptibility, C is the 

Curie constant, T is the experimental temperature and θ is the Curie-Weiss 

temperature (tabulate in Table 5.6) [286]. 
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Figure 5.14 (a-e): M-T curve (ZFC and FC) at 100 Oe of 𝟐𝟐𝟐𝟐𝟏𝟏−𝒆𝒆𝑭𝑭𝟐𝟐𝒆𝒆𝑶𝑶𝟐𝟐 (x = 0.02, 
0.04, 0.06, 0.08 and 0.10) NPs samples and inset exhibits the Curie-Weiss 
behaviour of the inverse susceptibility for all samples 
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 The inset of Figure 5.14 shows a graph plot between the inverse χ and 

temperature exhibits a good linear fit for 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.00, 0.02, 0.04, 0.06, 

0.08 and 0.10) NPs samples. This sample had a negative value of θ (~46 K for 2% 

Fe and ~48 K for 4, 6, 8, 10% Fe as shown in the inset of Figure 5.14), which 

indicates antiferromagnetic interaction between the Fe-ions. As a result of this, the 

ferromagnetic behaviour decreases in the average magnetic moment per Fe-ions and 

shows a paramagnetic effect with the fluency of Fe-contents in our Fe-doped CeO2 

samples. However, our XPS and Raman analyse the presence of oxygen vacancies 

but the existence of both Ce3+-oxygen vacancies complexes and Fe3+ ions in the low 

spin state contribute to the paramagnetic dominated weak ferromagnetism in the Fe-

doped CeO2 NPs and not only oxygen vacancies. 

 
5.4. Conclusions 

 Pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs are 

successfully synthesized using co-precipitation method. The XRD and SERS results 

indicate that all the samples has a cubic fluorite structure with no seconday impurity 

phase formation, which indicates the incorporation of Fe3+ ions at the Ce4+ ions 

lattice positions. The crystallite size, estimated by the Scherrer formula are in good 

aggrement with the TEM measurments and is found to decrease with the fluency of 

Fe-ions. A red shift of the absorption spectra is observed for pure CeO2 and 

𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs, which can be linked with the 

decrease in the crystallite size caused by doping. The presence of oxygen vacancies 

was confirmed by Raman and XPS measurments and the XPS study is revealing the 

mixed valance state of Fe-ions (Fe3+ and Fe2+) and Ce-ions (Ce3+ and Ce4+). The 

magnetisation recorded at room temperature on the pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2      

(x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs samples shows increase in saturation 

magnetisation with the increasing concentration of Fe-ion due to presence of mixed 

valency of Ce-ions and oxygen vacancy, it also represents the arising spin 

interaction due to FCE mechanism. As the Fe-content increases gradually, the super-

exchange interaction increases between the neighbouring Fe-ions in a complex form 

Fe3+-O2--Fe3+, to give raise an antiferromagnetic interaction in the lattice. This 

interaction can be clearly seen in a graph plot between the inverse χ and temperature, 
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which exhibits a good linear fit for all the samples to obtain a negative value of θ, 

indicating a weak antiferromagnetic coupling. Due to antiferromagnetic interaction 

between Fe-ions, inferred from both ZFC and FC curve, the ferromagnetism for Fe-

doped samples is found to suppress but this effect is found to increase with fluency 

of Fe-ion, therefore, Fe-doped CeO2 samples exhibited super paramagnetic 

dominated weak ferromagnetic behaviour at room temperature. Finally, it has been 

observed that with Fe-implantation, the optical, electronic structure and magnetic 

properties of CeO2 NPs can be modified and this kind of implantation can yield 

better samples for the potential use in the technological applications like spintronics. 
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CHAPTER 6 

FUTURE SCOPE 

 
In the present work we have successfully investigated the growth of single phase 

pure and doped CeO2 based DMS NPs with different dopant concentrations by 

controlling growth parameters and synthesis method for obtaining smaller particle 

sized (≥ 8 nm) NPs. Also, we have studied in detail the structural, optical, electronic 

structure, magnetic and electrical properties of the pure and doped CeO2 samples by 

various characterization techniques. We are able to achieve ferromagnetic 

characteristics at room temperature for pure and doped CeO2 based DMS NPs. Still, 

there is plenty of scope for further research work in this area. The present work can 

be extended as follows for future scope of work: 

� In the Present research thesis, the work has reported RTFM in pure and TM-

/RE-doped CeO2 NPs samples which is supplemented due to the presence 

and generation of oxygen vacancies and other defects/imperfections, reported 

due to intrinsic reasons however, another opinion on this induced 

ferromagnetism is due to extrinsic reasons. Hence, as a future work, we 

would like to undertake this task with the help of other characterization 

techniques and confirm that the behaviour is intrinsic or extrinsic. However, 

up to some extent we are quite ascertain that this RTFM is induced due to 

intrinsic reasons.  

� Simultaneous, we will try to explore the theoretical dimensions of various 

properties and induced ferromagnetism and to explain our results in the 

direction of FCE, BMP and other supporting theories for the magnetism in 

these DMS materials. 

� For further studies on electronic structure properties of these materials, we 

also want to take-up the task of XAS analysis to further ascertain more about 

their properties. For this we will try to submit the beam time proposal for 

these measurements at Elletra Italy, ESRF and Indus-2 etc. to have this data 

for our samples to study these properties in more details. 

� The recent research work has been limited only on the various properties of 

3d-TM (Fe) and 4f -RE (Sm, Gd)-doped CeO2 NPs with different dopant 
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concentration that are being studied due to their potential application for 

spintronics devices. On the other hand, there are very few reports on the 

electronic structure and magnetic properties with the various doping of 4d 

and 5d elements in CeO2 NPs. It will be very interesting to apply various 

methods for synthesis of oxide NPs with different dopant concentration of 4d 

and 5d elements and we will try to investigate their size dependent 

properties. Therefore, we will synthesize and study the 4d and 5d-doped 

CeO2 based DMS compounds for further investigation on their technological 

uses in spintronics devices.    

� As in the present thesis work, we have developed the nanomaterials for TM 

and RE doped CeO2 based DMS materials. So, in near future we will 

undertake the entire task performed in this thesis by developing thin films on 

different substrates to compare the results with the nanomaterials of these 

samples. Further, the binary and ternary dopants of CeO2, TiO2, ZnO and 

other DMS materials may be tried for significant ferromagnetic ordering. 
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CONCLUSION 

 
The major outcomes of the present research work have been described in terms of 

the following important conclusions: 

� TM (Fe) and RE (Sm, Gd)-doped CeO2 nanocrystalline samples with 

different dopant concentration (2, 4, 6, 8 and 10%) were successfully 

synthesized by a simple, facile and cost effective chemical co-precipitation 

method. 

� XRD analysis exhibited face centered cubic fluorite (fcc) structure with 

space group Fm-3m, without any secondary phases for the pure CeO2, TM 

(Fe) and RE (Sm, Gd)-doped CeO2 nanocrystalline samples. The average 

crystalline size estimated from XRD, TEM and SERS measurements were in 

good agreement with each other. Due to the incorporation of the dopants ions 

(Fe, Sm and Gd) in the lattice of CeO2 NPs, variation in the position of XRD 

peaks and average crystalline size of the samples were detected. Moreover, 

the lattice strain, dislocation density and specific surface area were also 

calculated to observe the variation in the lattice of CeO2 sample after the 

incorporation of smaller radii Fe3+ (0.065 nm), larger radii Sm3+ (0.1079 nm) 

and Gd3+ (0.1053 nm) ions, which substituted smaller ionic radii Ce4+ (0.097 

nm) ions and created the larger radii Ce3+ ions (0.114 nm).     

� The TEM, HRTEM and SAED patterns confirmed the spherical morphology 

with agglomeration for all pure, TM (Fe) and RE (Sm, Gd)-doped CeO2 

samples. However, HRTEM images showed the dislocations in the (111) 

lattice plane of RE (Sm, Gd)-doped CeO2 samples, due to doping of larger 

radii RE (Sm, Gd) dopant ions in CeO2 sample. The average crystalline size 

measured from TEM images were in the range of 4-5 nm, 5-8 nm and 5-7 nm 

for Fe, Sm and Gd-doped CeO2 NPs, respectively. HRTEM and SAED 

images showed highly ordered crystalline nature of particles with the 

incorporation of dopant ions (Fe, Sm and Gd) in the lattice of CeO2 NPs. 

� UV-Vis-NIR spectra of all the samples exhibited alteration in the band gap 

energy and refractive index attesting the incorporation of TM (Fe) and RE 

(Sm, Gd)-ions into CeO2 NPs. It was observed that band gap energy 
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decreased (2.80-2.73 eV) with the fluency of Fe-ions in CeO2 NPs, whereas 

variation in the band gap of Sm and Gd-doped CeO2 samples were explained 

with the help of Burstein-Moss (BM) effect. Finally, it was concluded that 

the optical band gap energy could be tuned by the effect of different dopant 

ions concentrations in the host CeO2 based DMS compound which have 

good optical behaviour.   

�  SERS spectra reported the absence of any impurity phases, formation of 

clusters and confirmed the face centered cubic fluorite (fcc) structure of pure, 

TM (Fe) and RE (Sm, Gd)-doped CeO2 nanocrystalline samples. Some 

physical parameters such oxygen deficit (δ) confirmed the formation of 

oxygen vacancies and using spatial correlation model, correlation length (L) 

and oxygen defect concentration (N) were also calculated to estimate the 

concentration of oxygen vacancies as a function of grain size for Fe-doped 

CeO2 NPs.  

� The XPS analysis provided the information about chemical composition and 

oxidation states of the elements (Ce, Fe and Gd) for pure, TM (Fe) and RE 

(Gd)-doped CeO2 nanocrystalline samples. The analysis of core level Ce 3d 

XPS spectra exhibited the presence of both oxidation state of Ce-ions (Ce4+ 

and Ce3+) for both TM (Fe) and RE (Gd)-doped CeO2 samples. The relative 

concentration ratio (Ce3+/Ce4+) for Ce3+ ions showed variation in the 

concentration of Ce3+ ions with the incorporation of Fe3+-ions (range from 

0.53-0.85) and Gd3+-ions (range from 0.51-0.70) as well as formation of 

oxygen vacancies in the Fe and Gd-doped CeO2 samples. However, Ce 3d 

XPS spectra not only revealed the significant increase in the concentration of 

Ce3+ ions but also increase in the formation of oxygen vacancies due to 

formation of Ce2O3 phase in Gd-doped CeO2 samples that was not visible in 

the XRD patterns, while such kind of phase was not observed in the Ce 3d 

spectra of Fe-doped CeO2 samples. The O 1s XPS spectra provided the detail 

information about contribution of lattice oxygen, oxygen vacancies, presence 

of surface hydroxyl groups and various carbonate species with variation in 

the concentration of dopants Fe and Gd-ions into CeO2 sample. The core 

level Fe 2p and Gd 4d spectra provided the information about the presence of 
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oxidation states of Fe (Fe3+ and Fe2+) and Gd (Gd3+) ions for Fe and Gd-

doped CeO2 samples, respectively. 

� The magnetic measurements of pure, Fe and Gd-doped CeO2 nanocrystalline 

samples were carried out at room temperature as a function of applied 

magnetic field in the range of -7 T to +7 T and -1.5 T to +1.5 T, respectively 

using MPMS-3 SQUID-VSM system. The pure CeO2 nanocrystalline 

samples exhibited room temperature ferromagnetism whereas incorporation 

of Fe and Gd-ions in the lattice of CeO2 suppressed the ferromagnetic 

behaviour. After incorporation of Gd-ions, the Gd-doped CeO2 samples 

exhibited paramagnetism dominated weak ferromagnetism behaviour 

whereas due to antiferromagnetic interaction between Fe-ions the 

ferromagnetism for Fe-doped samples is suppressed and increases with 

fluency of Fe-dopant, therefore Fe-doped CeO2 samples exhibited super 

paramagnetic dominated weak ferromagnetic behaviour at room temperature. 

The FC and ZFC curves also depicted the antiferromagnetic interaction 

between the Fe-ions for Fe-doped CeO2 samples. It was clearly noticeable 

that the saturation magnetization enhanced with doping and thereafter 

increased with increasing the fluency of dopant (Fe and Gd) ions into CeO2 

NPs samples, which could be ascribed due to smaller particle size and 

oxygen vacancy formation during synthesis process. The magnetic behaviour 

of pure, Fe and Gd-doped CeO2 samples were explained using F-centered 

exchange (FCE) mechanism and bound magnetic polaron (BMP) theory. 

These observations showed that RTFM in both samples was not extrinsic in 

nature because no oxide phases were found due to doping of Fe and Gd-ions 

into CeO2 NPs. 

� The enhanced DC electrical conductivity at room temperature was observed 

in pure CeO2 and Sm-doped CeO2 nanocrystalline sample and increased 

from 0.78× 10-2 to 3.84× 10-2 S/cm with the fluency of Sm-ion into CeO2 

samples. Resistivity of the Sm-doped CeO2 samples decreased with the 

fluency of Sm-content indicating the n-type behaviour of conduction 

mechanism. 
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SUMMARY 

 
 This section deals with the summary of the research work that has been 

reported in this thesis along with the future technological exploration of the work. 

Earlier conventional electronic devices solely relied on the transportation of the 

electrical charge of electrons. Addition of spin property in the conventional 

electronic devices provided an additional degree of freedom, more capabilities and 

advancement of functionalities. Generally, magnetism of metals serves as the basis 

for processing and storing the information in magnetic devices. Further advancement 

in these devices can be done by manipulating both the spin and the charge of the 

electron. Therefore, “Spintronics” devices may lead to more exotic information 

devices, which are capable of enhanced functionality, higher processing speed and 

lesser power consumption. The revolution in this area begun with the discovery of 

GMR effect, which occurs when a magnetic field is used to align the spin of the 

electron in the material inducing a large change in the resistance of the material. The 

practical implementation of spintronics devices requires efficient high spin polarized 

carrier injection and transport, which is not often fulfilled by conventional 

ferromagnetic metals because they do to not have 100% spin polarization and their 

efficiency of spin polarization is often very low due to resistivity mismatch and 

formation of Schottky barriers. DMS can offer a solution to this problem. DMS are 

semiconducting materials which have attracted the interest of the researchers due to 

their potential technological applications such as optoelectronics, magneto-

electronics and spintronics devices etc. In DMS, appropriate fractional amount of 

atoms of the host semiconductors are substituted by the atoms (transition metals or 

non-metals) which are capable to add localized magnetic moment. Due to this 

substitution, DMS not only retain the semiconducting properties but also possess 

well-defined magnetic properties such as paramagnetic, ferromagnetic or 

antiferromagnetic which are not present in conventional semiconductors. For 

obtaining DMS compounds, TM (having partially filled d-state such as Ti, V, Cr, 

Mn, Fe, Co, Ni) and RE (having partially filled f-state such as Ce, Pr, Nd, Sm, Eu, 

Gd, etc.) have been used as magnetic dopants in the host semiconductor. 
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 The electronic states of host semiconductor and magnetic dopants have a 

strong spin coupling between them which results in metallic behaviour for one spin 

channel and semiconducting behaviour for the other in the resultant DMS 

compound. In other words, DMS compounds shows 100% spin polarization at Fermi 

level (EF), which makes them promising candidates for spintronics devices. Another 

challenge to spintronics and magneto-electronics devices is to maintain magnetic 

properties at room temperature, because most of the semiconductors lose their 

magnetic properties at room temperature. Large band gap CeO2 is a suitable DMS 

material for spintronics and other industrial applications due to its multi-

functionality and narrower band gap after doping with TM and RE metals at nano-

regime, which makes it appropriate DMS compound for Spintronic applications.  

 
 In the present research work, we have systematically investigated the 

structural, optical, magnetic, electronic structure and electrical properties of TM (Fe) 

and RE (Sm and Gd)-doped CeO2 NPs in different dopant concentrations (2, 4, 6, 8 

and 10%). A sound understanding of the origin of magnetism at room temperature 

has been correlated with the other properties in pure and doped CeO2 NPs which is 

required to utilize for technological applications. 

 
OBJECTIVES 
The main objectives of the present study are: 

1. To check whether the induced room temperature ferromagnetism (RTFM) is 

intrinsic property of the sample. 

2. To check the defect induced RTFM in Ceria. 

3. To check the oxygen vacancies effect in doped CeO2 with various dopant 

concentration in explaining the nature of RTFM. 

4. To study the structural, optical and electrical properties of RE (Sm)-doped 

CeO2 nanoparticles. 

5. To study the structural, optical, electronic structural and magnetic properties 

of TM (Fe) and RE (Gd)-doped CeO2 nanoparticles. 

 
 In order to achieve the above mentioned objectives, the whole research work 

carried out in the present thesis has been divided into six chapters as per the details 

given below: 
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Chapter 1 
 In this chapter, we have briefly described the general introduction of 

spintronics and spintronic materials based on magnetic properties. DMS emerging as 

widely used materials in spintronics devices has been introduced briefly in this 

section. Different theoretical models and mechanisms have been proposed for 

explaining the origin of room temperature ferromagnetism in DMS materials. The 

fundamental development of nanomaterials as metal oxide semiconductor and 

different synthesis routes such as top-down and bottom-up methods have been 

described for synthesizing metal oxide NPs that can be used for getting high quality 

NPs. Also, introduction of CeO2, its structure, different physical properties and 

defects associated with ceria has been described. In the last section of this chapter, 

review of literature is given describing different physical properties such as 

structural, morphological, optical, electronic structural, magnetic and electrical 

properties of pure CeO2 and effect of doping on physical properties of doped CeO2. 

 
Chapter 2 
 In the second chapter, we have presented a brief discussion about various 

synthesis methods and characterization techniques utilized here in this present work 

to study various properties of pure and doped CeO2 in nanocrystalline materials. The 

co-precipitation method used for synthesis of pure and doped CeO2 nanocrystalline 

powder has been discussed in detail. The various experimental techniques used for 

characterization like X-ray diffraction (XRD) along with Rietveld Refinement 

analysis, Transmission Electron Microscopy (TEM), High-Resolution Transmission 

Electron Microscopy (HRTEM), Selected Area (Electron) Diffraction (SAED), 

Energy Dispersive X-ray Spectroscopy (EDX), Ultraviolet-Visible-Near Infrared 

(UV-Vis-NIR) Spectroscopy, Surface-Enhanced Raman Spectroscopy (SERS), X-

ray Photoelectron Spectroscopy (XPS), Superconducting Quantum Interference 

Device-Vibrating Sample Magnetometer (SQUID-VSM) and Keithley 2400 

Electrometer have been described in detail with their general principles, working 

and data analysis. 

 
Chapter 3 
 In this chapter, we have studied the structural, optical and electrical 

properties of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝑆𝑆𝑆𝑆𝑥𝑥𝑂𝑂2 nanocrystaline samples with different 
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dopant concentrations x = 0.02, 0.04, 0.06, 0.08 and 0.10 and systematically 

established a correlation between the concentration of dopant ions and oxygen 

vacancy defect using XRD, UV-Vis-NIR and SERS measurement techniques. The 

broadening of XRD pattern confirmed the incorporation of Sm3+ ions successfully at 

the Ce4+ ion sites in the face centered cubic (fcc) lattice of CeO2 NPs without any 

impurity phases. TEM, HRTEM and SAED images have confirmed the spherical 

morphology of particles with crystallite particle size in the range of 5-8 nm for pure 

and Sm-doped CeO2 samples. EDX spectra have confirmed the presence of Ce, Sm 

and oxygen element nearly in stoichiometric ratios for Sm-doped CeO2 samples as 

prepared. The UV-Vis-NIR analysis has revealed that due to particle size variation 

and aggregation of particles, the optical band gap energy has varied with the dopant 

concentration in Sm-doped CeO2 samples. Peak asymmetry and broadening of 

Raman active mode further has been ascribed to the presence of oxygen vacancies 

(whether extrinsic or intrinsic) and its variation with the fluencies of Sm3+ ions in 

CeO2 NPs. I-V characteristics has been shown the semiconducting nature of all the 

samples and the conductivity measurements show that the conductivity of the CeO2 

increases with increasing the Sm-content. Finally, in this chapter we are able to 

show the controlled band gap, size, grain morphology, higher conductivity, 

controlled extrinsic and intrinsic oxygen vacancies with the rare earth cation Sm-

doping in the CeO2 lattice. 

 
Chapter 4 
 In the fourth chapter, we have reported the synthesis and characterization of 

pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐺𝐺𝐺𝐺𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) nanocrystalline 

samples prepared using co-precipitation method. The visible light photocatalytic 

activity has been experimentally demonstrated and gradual increase in hydrogen 

production has been observed with increasing the concentration of Gd-content in 

CeO2 NPs. However, many factors such as particle size of photo catalyst, binding 

energy, oxygen vacancy concentration and band gap energy have been responsible 

for the increase in hydrogen generation activity with increasing dopant concentration 

in ceria. The lattice parameter, volume and particle size of pure and Gd-doped CeO2 

NPs has been calculated by XRD pattern. The particle sizes of these samples has 

been further verified with TEM and SERS analysis and found to be approximately 

similar to the results obtained with XRD analysis. The particles are spherical in 
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shape and getting agglomerated with fluencies of Gd3+ ions in CeO2 sample having 

the particle size in the range of 5-7 nm, confirmed from the TEM images. From the 

analysis of the UV-Vis-NIR absorption spectra we have observed the variation in the 

refractive index and band gap energy (2.5-2.7 eV) with different concentration of 

Gd-ions in CeO2 NPs. From the SERS spectral studies on pure and Gd-doped CeO2 

NPs, the particle size, oxygen vacancy concentrations etc have been made to 

understand the mechanism of other properties of these samples. Further, for 

electronic structural studies of these NPs, core level Ce 3d, O1s and Gd 4d XPS 

spectra have been recorded and analyzed in details. From this analysis the change of 

oxidation state of Ce+4 to Ce+3 ions, incorporation of the Gd+3 ions in the lattice and 

formation of oxygen vacancies has been reported. The magnetic measurements are 

used to show the paramagnetic dominated weak ferromagnetic behaviour for pure 

and Gd-doped CeO2 samples, which is reported to be triggered by the change of 

oxidation state of Ce+4 to Ce+3 ions, incorporation of the Gd+3 ions in the lattice and 

formation of oxygen vacancies. Finally, a sound knowledge of the particle size, 

optical band gap, efficiency for storing/releasing oxygen ions via conversion of Ce4+ 

to Ce3+ cation that are responsible for the generation of oxygen vacancy defects and 

magnetic properties position these nanomaterials for potential applications in the 

field of phtocatalysis, spintronics, antibacterial activity, solar cells etc.   

 
Chapter 5 
 In this chapter, we have presented correlation between RTFM, oxygen 

vacancy defect, chemical and electronic state of pure CeO2 and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 

0.02, 0.04, 0.06, 0.08 and 0.10) nanocrystalline samples, synthesized using co-

precipitation method. The XRD and SERS analysis has confirmed the formation of 

single phase cubic fluorite-type structure without any secondary phase with 

incorporation of Fe-ions in the lattice of CeO2 NPs, indicates incorporation of Fe3+ 

ions at the lattice sites of Ce4+ ions. TEM, HRTEM and SAED patterns has 

confirmed that all particles have spherical morphology with agglomeration and the 

particle size in the range of 4-5 nm, which gradually decreased with the fluency of 

Fe-ions in CeO2 NPs. From UV-Vis-NIR and SERS analysis the inhomogeneous 

distribution of the dopant has been significantly discussed in the light of optical 

band gap energy and surface information such as peak intensity and shape at ~460 

and ~577 cm-1, as well as observed formation of oxygen vacancies concentration via 



Summary 

200 

ratio 𝐼𝐼𝑂𝑂𝑣𝑣/𝐼𝐼𝐹𝐹2𝑔𝑔 . A red shift of the absorption spectra has been observed for pure CeO2 

and 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) NPs, which has been linked 

with the decrease in the crystallite size and formation of oxygen vacancies caused by 

Fe-doping. The presence of oxygen vacancies and mixed valance states of both Ce 

(Ce3+ and Ce4+) and Fe-ions (Fe3+ and Fe2+) have been discussed using core XPS 

spectra of Ce 3d, O 1s and Fe 2p. The magnetic measurement are showing a weak 

RTFM for pure CeO2 NPs whereas 𝐶𝐶𝐶𝐶1−𝑥𝑥𝐹𝐹𝐶𝐶𝑥𝑥𝑂𝑂2 (x = 0.02, 0.04, 0.06, 0.08 and 0.10) 

nanocrystalline samples exhibits paramagnetism dominated weak ferromagnetism 

that has been explained in the correlation with FCE mechanism. Due to 

antiferromagnetic interaction between Fe-ions, inferred from both ZFC and FC 

curve the ferromagnetism for Fe-doped samples is found to suppress but this effect 

is found to increase with fluency of Fe-ion, therefore, Fe-doped CeO2 samples 

exhibited super paramagnetic dominated weak ferromagnetic behaviour at room 

temperature. Finally, it has been observed that with Fe-implantation, the optical, 

electronic structural and magnetic properties of CeO2 NPs can be modified and this 

kind of implantation can yield better samples for the potential use in the 

technological applications like spintronics. 

 
Chapter 6  
 In the sixth chapter, the entire work has been summarized chapter wise along 

with important conclusions of the present thesis work to highlight the new findings 

on the structural, optical, electronic structure, magnetic and electrical properties of 

the TM (Fe) and RE (Sm, Gd)-doped CeO2 NPs for their potential use in 

technological application for spintronics devices. Finally, scope for further work and 

their future possibilities related to the thesis work has been presented at the end of 

the chapter. 
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1. Introduction

Rare earth (RE) oxide-CeO2 has attracted 
great interest of research due to their 
unique properties, including high oxygen 
storage capacity and ability to uptake and 
release oxygen (O2−) ions via conversion 
of oxidation state of cerium ion from Ce4+ 
to Ce3+, due to formation of defect space 
such as oxygen vacancies in the lattice of 
CeO2.[1] On account of this uniqueness, 
CeO2 has been widely used as three-way 
catalysts for eliminating vehicle exhaust 
gases,[2] UV blocker materials in sun-
screens, UV-shielding used in cotton 
fabrics,[3] functionalize silk fiber for anti-
bacterial activity,[4] oxygen sensors,[5] and 
oxygen ion conductors in solid oxide fuel 
cells (SOFCs).[6] Generally, it has been 
reported that type of dopant strongly 
influenced the electrical properties of 
ceria and high conductivity at low tem-
perature is an essential requirement for 
SOFCs, therefore, rare earth (RE)-doped 
cerium oxide, Ce1−xRExO2−δ (RE = Sm, 

Enhanced visible light photocatalytic activity of Gd-doped CeO2 
nanoparticles (NPs) is experimentally demonstrated, whereas there are 
very few reports on this mechanism with rare earth doping. All-pure and 
Gd-doped CeO2 NPs are synthesized using a coprecipitation method and 
characterized using X-ray diffraction (XRD), absorption spectroscopy, 
surface-enhanced Raman Spectroscopy (SERS), X-ray photoelectron 
spectroscopy (XPS), and superconducting quantum interference device 
(SQUID). The effect of Gd-doping on properties of CeO2 is discussed along 
with defects and oxygen vacancies generation. The XRD confirms the 
incorporation of Gd3+ at the Ce3+/Ce4+ site by keeping the crystal structure 
same. The average particle size from transmission electron microscopy 
(TEM) images is in the range of 5–7 nm. The XPS spectra of Ce 3d, O 1s, 
and Gd 4d exhibits the formation of oxygen vacancies to maintain the 
charge neutrality when Ce4+ changes to Ce3+. The gradual increase in 
hydrogen production is observed with increasing Gd concentration. The  
observed results are in good correlation with the characterization results 
and a mechanism of water splitting is proposed on the basis of analyses. 
The absorption spectra reveal optical band gap (2.5–2.7 eV) of samples, 
showing band gap narrowing leads to desired optical absorbance and 
photoactivity of NPs.
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Gd, Dy, Er, Lu) are preferable dopants used as electrolytes for 
intermediate-temperature SOFCs.[7,8] Alike TiO2, bulk cerium 
dioxide (CeO2) is a wide band gap (3.2 eV) cubic fluorite semi-
conductor,[9] which possesses the interesting properties such 
as a high dielectric constant (ε = 26), good transparency in the 
visible range, nontoxic, and capacity to exhibit the high photo-
catalytic activity under UV light irradiation. Therefore, CeO2  
seems to be a promising inorganic material that can be used 
for the UV filtration in sunscreen/cosmetic products and as a 
potential material for UV filtration.[10] Therefore, to enhance 
the workability of this compound in visible light some kind 
of structural engineering and doping of heavy metal might be 
done for reducing the band gap of CeO2.

Among all RE-doped CeO2, Sm and Gd-stabilized ceria has 
been extensively studied for utilization as electrolyte and anode 
material.[11,12] It has been reported that addition of Sm3+ and 
Gd3+ cations in CeO2 system produced highest conductivity 
with least distortion of parent lattice, which is attributed to the 
smallest association enthalpy between the dopant cation and 
the oxygen vacancies in the CeO2 lattice.[13–15] Besides of dopant 
type, theoretical and experimental observations have also sug-
gested that the ionic conduction can be altered by the concen-
tration of dopant.[16–19] Moreover, it is well known that material 
properties changes when particle size reduces to nanoscale, as 
reported by Kosacki et al.[20] in their nanocrystalline CeO2 thin 
film, electrical conductivity has found to be enhanced due to 
reduced enthalpy of oxygen vacancy formation. Li et al.[21] have 
reported increase in catalytic activity as well as in optical and 
magnetic properties of porous Gd3+-doped CeO2 (10 at% Gd) 
nanostructure due to Gd3+ ions or formation of oxygen vacan-
cies. In most of these studies, the local ordering of oxygen 
vacancies on grain boundaries in heavily RE-doped CeO2 
samples has been reported.[22–24] Chen et al.[25] have reported 
dopant-induced structural differences and defects in Sm-doped 
CeO2 nanoparticles (NPs) with doping concentration 3%, 5%, 
7%, 9%, and 11%. On the basis of their results based on X-ray 
absorption spectroscopy, extended X-ray absorption fine struc-
ture, Raman, and scanning transmission electron microscope-
electron energy loss spectroscopy measurements they have 
discussed that below 7% and above 7% distribution of defects 
strongly depend on the concentration of Sm3+ ions in CeO2 
NPs. Since, there is a lack of literature available on the evidence 
of the distribution of defect study with small doping concentra-
tion of RE-doped CeO2 NPs.

Metal oxide photocatalyst have attracted increasing attention 
due to their potential applications in the environmental protec-
tion and energy utilization, such as water splitting for hydrogen 
production. In the Zn-, Mg-, and Ca-doped CeO2 materials the 
impurities tend to shift the band position and can tune the 
band gap because of their effects on electronic transition.[26] Gd-
doped CeO2 is used for thermolysis of water that can produce 
101.6 H2 (µmol g−1) hydrogen.[27] It has been demonstrated 
experimentally that the rare earth dopants and oxygen vacan-
cies greatly influenced the photocatalytic properties of CeO2; 
however, the effect of interaction between the rare earth dopant 
and oxygen vacancy defects on enhanced visible light photocata-
lytic activity of CeO2 is still not investigated so far.

Hence in this study, we systematically explore to develop the 
correlation between the rare earth dopants, its concentration 

and oxygen vacancy defects to enhance the photocatalytic 
activity of doped CeO2. To undertake this study we have inves-
tigated the structural properties, dopant distribution, and their 
association with oxygen vacancies in Gd-doped CeO2 NPs. The 
CeO2 NPs have been doped with different concentrations of 
Gd3+ ions (2%, 4%, 6%, 8%, and 10%) to discuss the presence 
of defect induced oxygen vacancies (either intrinsic or extrinsic) 
and their association with doped cation with surface-enhanced 
Raman spectroscopy (SERS) measurements. Transmission elec-
tron microscopy (TEM) has been used to observe changes in 
the surface morphology and particle size with increased fluen-
cies of Gd3+ ions in CeO2 lattice. The optical absorption spectra 
have been measured using ultraviolet–visible–near infrared 
(UV–Vis–NIR) spectrometer to find out the band gap energy. 
Finally, we have attempted to investigate how doping concen-
tration affect the oxygen vacancies and cation (Ce3+) defects, 
present in pure and Gd-doped CeO2 NPs. These results offer a 
physical understanding for the available experimental results to 
explain the enhanced photocatalytic activities of Gd-doped CeO2 
NPs, which can be useful for designing and understanding the 
novel doped CeO2 photocatalyst.

2. Result and Discussion

2.1. X-Ray Diffraction (XRD) Analysis

X-ray diffraction measurements have been made on Ce1−xGdxO2 
nanoparticles for x = 0.0, 0.02, 0.04, 0.06, 0.08, and 0.10 at 
room temperature are shown in Figure 1a. Nanocrystalline 
Gd-doped CeO2 samples exhibit fundamental Bragg reflections 
corresponding to the fluorite type face centered cubic structure 
in the space group of Fm-3m, in which Ce and Gd atoms are 
located at 4a position, surrounded by eight O (located at 8b) 
positions.[28] Absence of any secondary phase corresponding to 
Gd2O3 or other impurity peaks indicates well incorporation of 
Gd3+ ions on CeO2 lattice site, which confirms the single phase 
formation of all the Ce1−xGdxO2 nanoparticles. The intensity of 
XRD diffraction peaks is found to vary with incorporation of 
Gd3+ ions in CeO2 NPs (as shown in Figure 1a).

The rising intensity signifies an improvement in the crystal-
line nature while falling intensity signifies low crystallinity of 
Ce1−xGdxO2 samples.[29] Moreover, with fluency of Gd3+ ions, 
no peak shifting is observed for x = 0.02 doping concentra-
tion, whereas with increasing concentration (x ≤ 0.06) diffrac-
tion peak (111) is shifted toward higher angle side (as shown 
inset of Figure 1a). For higher doping concentrations (x = 0.08 
and 0.10) peak is again shifted toward lower angle side. This 
shifting of (111) peak toward lower and higher angle side is 
attributed to the lattice expansion and reduction, respectively, 
which is induced by incorporation of Gd3+ ions in CeO2 NPs.[30] 
Furthermore, it can be seen in Figure 1a, diffraction peaks 
become broader after doping and broadness of peaks are also 
observed to change with fluency of Gd3+ ions in CeO2 NPs, 
indicating that crystal size and crystallinity of the samples are 
affected with the fluencies of Gd3+ ions. The average nanocrys-
talline particle size (D) of Gd-doped CeO2 samples has been 
calculated with XRD diffraction spectra using the Debye–
Scherrer’s formula[31]

Global Challenges 2019, 1800090
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λ

β θ
=  (1)

where, all the parameters are as per the details given in ref. [15]. 
The lattice parameters of all the samples corresponding to (111) 
diffraction peak have been calculated by the following formula[32]

a d h k l( )2 2 2 1/2= + +  (2)

where “a” refers to the lattice parameter, d is the crystalline 
lattice spacing, and h, k, l, are the miller indices of crystal. 
The calculated value of lattice parameter with fluency of Gd3+ 
ions in CeO2 NPs is tabulated in Table 1.

Global Challenges 2019, 1800090

Figure 1. a) XRD pattern of pure CeO2 and Ce1−xGdxO2 (for x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples. b) Refined and fitted X-ray diffraction patterns 
of Ce1−xGdxO2 at 300 K (i) x = 0.00 (ii) x = 0.02, (iii) x = 0.04, (iv) x = 0.06, (v) x = 0.08, and (vi) x = 0.10. Observed (calculated) profiles are shown by 
dotted (solid) lines. The short vertical marks represent Bragg reflections. The lower curve is the difference plot.



www.advancedsciencenews.com

1800090 (4 of 19) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.global-challenges.com

The variation in the calculated values of lattice parameter can 
be directly related to the ionic radii of the dopant ion. Since, the 
larger ionic radii Gd3+ (0.1053 nm) ions are substituted for the 
smaller ionic radii Ce4+ (0.097 nm) ions and created the larger 
radii Ce3+ ions (0.114 nm).[36] Furthermore, for maintaining 
charge neutrality in CeO2 lattice, Gd3+ and Ce3+ ions are col-
lectively creating oxygen vacancies in the CeO2 lattice, which 
causes further lattice expansion.[30]

Rietveld profile refinements (shown in Figure 1b(i–vi)) of all 
the samples are carried out and the results are listed in Table 1. 
The XRD patterns indicate that Gd-doping in CeO2 does not 
affect the cubic fluorite structure of the CeO2, as no additional 
diffraction peaks related to possible impurity phases of Gd 
and oxides of Gd are observed in these Gd-doped CeO2 sam-
ples. It is further confirmed the formation of a single phase of  
Ce1-xGdxO2. The refinement results clearly indicate that Gd 
ions are well incorporated in the CeO2 matrix and Gd-doping in 
CeO2 leads to small enhancement in the unit-cell volume.

It is clear from Table 1, the dislocation density is found to 
increase for x = 0.02 doping concentration but decreases for 
x = 0.04 and 0.06, which is again increased for x = 0.08 and 
decreased for x = 0.10 doping concentrations of Gd+3 cation. 
This variation in dislocation density is related to the promotion 
and reduction of disorder in the crystal structure.[29]

Looking to Table 1, the values of strain indicates tensile 
strain for Gd-doped CeO2 NPs. Due to incorporation of Gd3+ 
(0.1053 nm) cations in CeO2 NPs, the maximum value of strain 
is for x = 0.08 doping concentration. Some theoretical inves-
tigation revealed that tensile strain promotes the formation of 
oxygen vacancies rather than compressive strain.[37] Therefore, 
in Gd-doped CeO2 samples, increased value of tensile strain 
can be directly related to the endorsement of oxygen vacan-
cies in doped CeO2 samples, which may be associated to the 
bonding length and the strength between the surface O and Ce 
atoms.[38] Since, for tensile strain, the bandwidth of the O 2p 
orbital decreases and overlapping between O 2p and Ce 5d as 
well as 4f orbital also decreases, which leads a weaker CeO 
bond and responsible for the formation of oxygen vacancies in 
doped CeO2 system.[37] The crystallinity, morphology, and par-
ticle size of the Gd-doped CeO2 samples are discussed in the 
next segment by TEM, high-resolution transmission electron 
microscopy (HRTEM), and selected area (electron) diffraction 
(SEAD) images.

2.2. Surface Morphology

The average crystallite particle size of all the samples is con-
firmed by electron microscopy investigations. TEM measure-
ment is used to manifest the information about the shape, 
size, and the presence of any secondary phase in pure and 
Gd-doped CeO2 NPs. The particle size and morphology of pure 
and Gd-doped CeO2 NPs are analyzed by TEM as shown in 
Figure 3. From TEM analysis, it is observed that the particles 
are crystallized nanoparticles and agglomerated with spherical 
morphology. The average particle size calculated from TEM 
images are ranging from 5 to 7 nm for pure and Gd-doped 
CeO2 NPs, which are in good agreement with the results 
obtained from Debye–Scherrer formula (listed in Table 1). It 
can be observed from TEM images that crystal growth is pro-
moted with doping concentration of Gd-ions. However, the 
morphology of all samples is not changing but the agglomera-
tion of particles is increased with the doping concentration of 
Gd-ions (as shown in Figure 2).

The particle-size distribution histogram (shown in the inset 
of Figure 2) shows that the distribution is quite narrow in the 
size range of 5–7 nm for Gd-doped CeO2 NPs. This agglom-
eration of particles with smaller particle-size (<7 nm) indicates 
that the obtained particles are nanocrystalline. Furthermore, 
HRTEM and SAED analysis are also used to decipher the infor-
mation about the nanocrystallinity and impurity phases, if any 
present in Gd-doped CeO2 NPs. HRTEM images (shown in 
Figure 3) indicate that the lattice fringes are well developed and 
randomly oriented with respect to each other. Most of the lattice 
fringes of Gd-doped CeO2 samples are about at a distance of 
0.31 nm (values are tabulated in Table 1) that corresponding to 
the (111) lattice plane of the fluorite like cubic structure.

As shown in Table 1, no significant change is observed in the 
interplanar distance (d) for Gd-doped CeO2 samples but for 8% 
Gd-doped CeO2 sample, the interplanar distance (d = 0.32 nm 
for (111) plane) is slightly increased, which again promotes the 
crystal growth and indicates the low crystallinity. Some defects, 
such as dislocations (shown in Figure 3c,d, marked with a red 
ring) are also observed in the HRTEM image of 4% and 6% 
Gd-doped CeO2 samples. Moreover, SAED patterns are also 
taken (shown in the insets of Figure 3) for Gd-doped CeO2 sam-
ples. SAED pattern exhibits four broad rings, which could be 
attributed to (111), (200), (220), and (311) planes. These rings 
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Table 1. Calculated values of lattice parameter (a), lattice spacing (d) for (111) plane, average crystalline size (D) measured from TEM, XRD line 
broadening, and Raman line broadening, dislocation density (δ), lattice strain (ε), absorbance wavelength (λ), optical band gap energy (Eg), and 
refractive index (n) are summarized in this table.

Sample Parameters

a [Å] d [nm] D [nm] δ =
D
1

2  [nm−2] [33] ε = β θcos
4

 × 10−2[34,35] λ [nm] Eg [eV] n

TEM XRD Raman spectra

Pure CeO2 5.436 0.318 5.55 9.21 10.9 0.0324 3.88 367 2.60 2.51

Ce0.98Gd0.02O2 5.433 0.307 5.27 6.95 7.52 0.0360 8.60 363 2.66 2.49

Ce0.96Gd0.04O2 5.392 0.318 6.44 7.10 6.45 0.0241 8.89 359 2.71 2.48

Ce0.94Gd0.06O2 5.394 0.316 7.47 6.51 6.07 0.0179 7.82 365 2.67 2.49

Ce0.92Gd0.08O2 5.393 0.324 5.55 6.22 5.66 0.0324 14.18 368 2.64 2.50

Ce0.90Gd0.10O2 5.398 0.312 6.34 6.26 5.06 0.0248 9.11 371 2.52 2.54
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indicate that the particles are crystallized and diffraction rings 
are very well matched with the XRD measurement results. The 
fluency of Gd3+ ions in CeO2 NPs also affect the optical band 
gap energy, which is further discussed in the next segment by 
UV–Vis–NIR spectroscopy.

2.3. Optical Absorption

Figure 4a shows the UV–Vis–NIR absorption spectra of 
Ce1−xGdxO2 samples (x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10). 
These samples exhibit a strong absorption below 400 nm with 
an absorption peak in UV-range corresponding to the different 
doping concentration of Gd3+ ions in CeO2 NPs as tabulated 
in Table 1. These peaks are originated due to direct charge 
transfer transition from 2p valance band of O2− to 4f conduc-
tion band of Ce4+ ions.[39] It is well known that CeO2 have wide 
band gap semiconductor with a forbidden gap of 5.5 eV.[40] The 
valance band consists of O 2p level with a width of 4 eV and 
conduction band consist of Ce 5d level. Ce 4f level is present 
in between these two states, just above the Fermi level, that lies 
about 3 eV higher than the valance band (O 2p).[41] Hence there 
is direct recombination of the electrons in Ce4+ (4f) conduction 
band with the holes in the O2− (2p) valance band. It can be seen 
from Figure 4a, the absorbance peak is obtained at 367 nm for 

pure CeO2 but after incorporation of Gd3+ ions peak is shifted 
toward lower wavelength (blue shift) up to optimal doping con-
centration x = 0.04, while for further fluencies x = 0.06 to 0.10 
peak is shifted toward higher wavelength (red shift) side. It 
has been reported that when metal NPs are forming smaller 
size particles, the λmax shifts toward shorter wavelength (blue 
shift) side, whereas, when the smaller particles aggregate to 
form bigger/larger size particles, the λmax value shifts toward 
longer wavelength (red shift) side.[42] This may indicate that 
smaller-sized particles have been formed up to doping concen-
tration (x = 0.04), while with increasing fluencies of Gd-ions 
(for x = 0.06 to 0.10) in CeO2 NPs, these smaller sized particles 
are agglomerated (as shown in Figure 2). As Hu et al. reported 
that the agglomeration of nanoparticles occurs because nano-
particles have a tendency to decrease the exposed surface in 
order to lower the surface energy, which results decreases in 
particle size with strong agglomeration.[43] Furthermore, blue 
shifting in the absorption spectra with the fluency of Gd3+ ions 
in CeO2 NPs can be due to change of Ce4+ to Ce3+ state, that 
increases the direct charge-transfer transition gap between O 
2p and Ce 4f bands and reduces the particle size.[21,44] In addi-
tion of that the average particle size obtained from TEM images 
for Gd-doped CeO2 NPs is in the range of 5–6 nm at lower 
doping concentration (x = 0.02 and 0.04), which is smaller than 
the predictable Bohr exciton radius for CeO2 (7–8 nm).[21,45] 

Global Challenges 2019, 1800090

Figure 2. TEM image for Gd-doped CeO2. a) Pure CeO2, b) 2% Gd-doped CeO2, c) 4% Gd-doped CeO2, d) 6% Gd-doped CeO2, e) 8% Gd-doped CeO2, 
f) 10% Gd-doped CeO2 and inset histogram graphs show the particle size of the corresponding sample.
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Therefore, the quantum confinement effect may also be taken 
place that contributes to the blue shift of the absorption spectra 
with small fluencies of Gd-ions in CeO2 NPs. Generally, 
quantum confinement effect results when the Bohr radius of 
an exciton approaches the grain or particle size, spatially con-
fining the electron–hole pair. When this happens, the energy 

of the lowest excited state increases and the increased band 
gap produces a blue shift in the absorption spectra. Now at the 
higher fluencies (for x = 0.06 to 0.10) of Gd3+ ions, the contri-
bution of blue shifting from Ce4+ to Ce3+ valance state change 
will become small. Therefore, red shifting is occurred in the 
absorption spectra of Gd-doped CeO2 (for 6%, 8%, and 10%) 

Global Challenges 2019, 1800090

Figure 4. a) Room temperature optical absorbance spectra of pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples taken in the 
UV–vis range. b) Tauc’s plot of (αhυ)2 versus energy (eV) for the pure CeO2 and Gd-doped CeO2 nanocrystalline samples.

Figure 3. HRTEM images of Gd-doped CeO2 with d-spacing for (111) plane. a) Pure CeO2, b) 2% Gd-doped CeO2, c) 4% Gd-doped CeO2, d) 6% Gd-
doped CeO2, e) 8% Gd-doped CeO2, f) 10% Gd-doped CeO2 and inset graphs show the SAED pattern of corresponding sample.
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samples. This red shifting may be the outcome of an interfa-
cial polaron effect arising from electron–phonon coupling phe-
nomenon.[46,47] Form all above absorption data, the band gap 
energy (Eg) of pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 
0.08, and 0.10) NPs has been calculated using Tauc’s equation

h A h E
n

gα ν ν( )= −  (3)

where all the parameters have their usual meaning. For direct 
transition n = 1/2 and for n = 2 for indirect transition.[48] 
Figure 4b displays the measured values of (αhν)2 as a function of 
the incident photon energy (hν). Table 1 contains the calculated 
value of band gap energy (Eg) of all samples. Pure CeO2 NPs 
shows band gap energy of 2.60 eV that is smaller than the band 
gap energy reported for bulk ceria, i.e., 3.15 eV.[49] This decrease 
in band gap energy may be attributed due to increase in the 
concentration of Ce3+ states on grain boundaries. Moreover, the 
optical band gap energy is found to increase for low fluency of 
Gd3+ ions (for x = 0.02 and 0.04) in CeO2 NPs while it decreases 
subsequently with increasing fluencies of Gd3+ ions (for x = 0.06 
to 0.10) in CeO2 NPs (as shown in Table 1). This blue shift in 
the band gap energy at lower doping concentration (for x = 0.02 
and 0.04) of Gd3+ ions may be correlated with the decrease of 
Ce3+ concentration as well as oxygen vacancies during annealing 
process. This may eliminate some localized defect energy states 
within the band gap due to the corresponding decrease of vacan-
cies content, which results increase in the band gap energy.[50] 
Another reason for explaining the increase in band gap energy 
may be correlated with the Burstein–Moss (BM) shift[49]

E
h

m
n

2
3g

BM
2

vc
*

2
e

2/3
π( )∆ =  (4)

Here, mvc
*  is effective mass of electrons, ne is the electron con-

centration, and h is the Plank constant. Now, according to BM 
effect, above the Mott critical density, the increased number of free 
electron concentration is leading to fill 4f level partially, which in 
turn blocks the lowest states and leads to band gap widening.[49,51] 
With incorporation of Gd3+ ions into CeO2 sample, the crystalline 
size is reduced (as shown in Table 1). Therefore, the charge car-
riers are more confined in the small sized particles, which in turn 
increasing the band gap energy at lower doping concentration of 
Gd-doped CeO2 NPs. This implies that, both particle size and BM 
effect results in the increase in band gap energy. Besides that, the 
red shift in band gap energy with higher fluencies of Gd3+ ions 
(x = 0.06, 0.08, and 0.10) is caused with the existence of Ce3+ con-
tents at the grain boundaries, which increases with decreasing 
particle size.[52] The refractive index of Gd-doped CeO2 NPs has 
been calculated by using the following formula[53]

n

n

E1
2

1
20

2

2

g−
+

= −  (5)

The obtained values for the refractive index of pure and Gd-
doped CeO2 NPs are tabulated in Table 1. These values indicates 
that the refractive index is found to decrease with fluency of Gd 
ions up to optimal doping concentration x = 0.04, whereas it is 
increased for further fluencies (x = 0.06, 0.08, and 0.10) of Gd3+ 
ions in CeO2 NPs. The variation in the refractive index and band 

gap energy has been shown in Figure 5 with different concentra-
tion of Gd-ions in CeO2 NPs. Therefore, absorption of UV light 
at low concentration of Gd-ions (x = 0.02 and 0.04) in CeO2 NPs 
has been increased due to reduction of particle size as well as 
refractive index, whereas, due to increasing doping concentration 
the transparency and UV protection qualities are decreased.[54]

2.4. Raman Spectra

Surface enhanced Raman spectroscopy is a powerful vibra-
tional technique, which allows for highly sensitivity structural 
detection of low concentration analyses through the ampli-
fication of electromagnetic fields generated by the excitation 
of localized surface plasmons.[55] SERS provides the same 
information as traditional Raman spectroscopy does, but with 
enhanced signals. It can easily detect additional modes that 
cannot be observed in the traditional Raman spectrum. There-
fore, SERS has been used for getting information of different 
modes presented in Gd-doped CeO2 NPs.

Figure 6 shows Raman active (F2g) mode for pure CeO2 and 
Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples, at 463.3 
cm−1 and in the range of 461.4–459.5 cm−1, assigned for first-
order scattering.[56] This Raman active mode is attributed to a 
symmetrical stretching mode of Ce-O8 vibration unit. Therefore, 
this mode is very sensitive for any disorder in the oxygen sublat-
tice results from nonstoichiometry of ceria.[57] We can see from 
Figure 6 the absence of characteristic band for Gd2O3 (360 cm−1) 
clearly indicating the incorporation of Gd3+ ions into CeO2 lat-
tice, confirms the absence of any impurity phase in the lattice, 
in agreement with XRD results.[58,59] F2g mode corresponding 
to pure CeO2 and Ce1−xGdxO2 is slightly shifted toward lower 
wavenumber side (or lower energy side) and broadening in its 
FWHM can also be observed with doping fluencies of Gd3+ ions 
in CeO2 sample. These structural changes in Raman spectra 
with Gd-doping are attributed to the inhomogeneous strain and 
defects caused by substitution at the smaller radii Ce4+ (0.97 Å)  
site by larger ionic radii Gd3+ (1.08 Å) ions.[60] In addition of 

Global Challenges 2019, 1800090

Figure 5. Variation of refractive index and bang gap energy with  
Gd-doping concentration in nanocrystalline CeO2 samples.
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F2g mode, weak intensity second-order Raman peaks are also 
obtained at 598.5 and 595.6 cm−1 for pure CeO2 and 2% Gd-
doped CeO2, respectively, generated due to nondegenerated 
longitudinal optical (LO) mode.[61] These peaks are assigned 
to defect space that include intrinsic oxygen vacancies due to 
nonstoichiometry of CeO2. The three possible defect induced 
mechanism for oxygen vacancies in pure CeO2 sample can be 
given as[62]

V VCe 2O 2 CeOCe O O
••

2+ → + +′′′′  (6)

VCe CeCe Ce i
••••→ +′′′′  (7)

VO OO O
••

i→ + ′′  (8)

Since, these peaks are generated for maintaining the elec-
trically neutrality in the system, therefore all Ce-ions not only 
shows Ce4+ state but also Ce3+ state. For doing so, oxygen (O2−) 
ions are released from the structure and finally oxygen vacan-
cies are formed in the system. The intensity of this peak is 
increased with incorporation of Gd-ions indicates the rise of 
oxygen vacancies in ceria lattice. With increasing the fluency 
of Gd-ions, two weak second-order Raman modes in the range 
of 554.3–558 and 598–600.1 cm−1 are also obtained (as shown 
in the inset of Figure 6b). The Raman mode in the range of 
554.3–558 cm−1 is related to the extrinsic oxygen vacancies, 
which are generated due to charge compensating defects due 
to substitution of Ce4+ ions by Gd3+ ions. The possible disorder 
mechanism for extrinsic oxygen vacancies in Ce1−xGdxO2 (x = 
0.02, 0.04, 0.06, 0.08, and 0.10) NPs can be given as[63]

x xGd O 2Ce O 2Gd + V + 2CeO2 3 Ce O Ce O
••

2+ + → ′  (9)

where symbols have the following meaning as: xCece and GdCe
′  are 

Ce4+ and Gd3+ ions on the CeO2 lattice site, respectively, xOO is O−2 
ions on an oxygen lattice site, and VO

•• is neutral oxygen vacancy 
site. In addition, another vacancy peak can also be observed in the 
range of 598–600.1 cm−1, which is assigned to the defect space 
including intrinsic oxygen vacancies due to reduction of Ce4+ to 
Ce3+, i.e., nonstoichiometry of ceria.[62] The possible disorder reac-
tion for intrinsic oxygen vacancies in the sample can be given as[64]

x x2Ce O 2Ce + V + 1/2O gCe O Ce O
••

2 )(+ → ′  (10)

where symbols have the following meaning as: xCece and CeCe
′  are 

Ce4+ and Ce3+ ions on the Ce lattice site, respectively, xOO is O−2 ions 
on an oxygen lattice site, and VO

•• is neutral oxygen vacancy site.[65] 
As shown in the inset of Figure 6b, the intensity of intrinsic and 
extrinsic oxygen vacancies mode increases with doping fluency up 
to x = 0.04. With further increase in fluency, the intensity of this 
mode decreases and then again increases at x = 0.10 concentra-
tion. The variation of intensity of vacancy mode is related to the 
concentration of oxygen vacancies. The quantitative estimation 
of oxygen vacancies of pure CeO2 and Gd-doped CeO2 samples 
is made from the relative peak area of vacancy modes (intrinsic 
and extrinsic) with area of F2g mode. For doing so, Lorentzian fit-
ting is done for measuring the peak area of the respected peaks. 
All calculated values are tabulated in Table 2, which indicates an 
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Table 2. The position of Raman active modes (cm−1) from Raman spectra and relative peak area ratio.

Sample Position of Raman active mode (cm−1) and vibrational mode A A/O Fv 2g /(O ) (O ) FV 1 V 2 2g
A A A)( +

First-order scattering Second-order scattering[66,67]

F2g A1g (Ov) A1g + F2g (Ov)1 A1g + Eg + F2g (Ov)2 2LO

Pure CeO2 463.3 598.5 – – 1064.9 0.036 –

Ce0.98Gd0.02O2 461.4 595.6 – – 1173.9 0.076 –

Ce0.96Gd0.04O2 460.9 – 554.3 598 1175.6 – 0.084

Ce0.94Gd0.06O2 460.5 – 554.9 597 1176 – 0.114

Ce0.92Gd0.08O2 459.8 – 555.6 598.3 1175.7 – 0.121

Ce0.90Gd0.10O2 459.5 – 558 600.1 1175.3 – 0.119

Note: Vibrational modes corresponding to second-order scattering were given based on refs. [66] and [67].

Figure 6. Raman spectra of pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 
0.06, 0.08, and 0.10) nanoparticles. a,b) Inset of figure contains the 
enlarge views of their corresponding Raman spectra in the 430–500 cm−1 
energy range related to F2g mode and 500–650 cm−1 range related to 
oxygen defects, respectively.
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increment in the concentration of oxygen vacancies with fluency 
of Gd-ions up to x = 0.08 (i.e., maximum in this range) and then 
slightly decreased at x = 0.10 concentration. The increment in 
the concentration of oxygen vacancies can be explained by con-
sidering, with incorporation and rising fluency of large radii Gd3+ 
ions (0.105 nm), the dislocation density as well as strain has been 
increased up to x = 0.08 doping concentration in ceria. Due to 
this reason every two Gd3+ ions substituted the smaller radii Ce4+ 
(0.097 nm) ions increases the probability of oxygen ion (O2−) to 
leave the ceria lattice to maintain electrical neutrality in the lattice 
and creates more oxygen vacancies (as shown in Figure 7).[68] 
In addition to that, pure CeO2 and Gd-doped CeO2 samples 
also exhibit one more extra weak second-order Raman mode at 
1064.9 cm−1 and in the range of 1173.9–1175.3 cm−1, (as shown 
in Table 2), which are assigned to 2LO mode that emanate from 
the second-order scattering of the surface superoxide species (O )2

−

, and has small additional contribution from F2g symmetry (which 
is not mentioned in Figure 6).[56,65]

The particle size of all the Ce1−xGdxO2 samples has been cal-
culated from Raman spectra using the equation

D
cm 10

124.7
nm1( )Γ = + 





−  (11)

where Γ (cm−1) is full width at half maximum (FWHM) of 
Raman active (F2g) mode and D is particle size of pure CeO2 
and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) sam-
ples.[61,69] The calculated particle size from Raman spectra 
is in good agreement with the particle size calculated from 
XRD and TEM images (as shown in Table 1). The quantitative 
estimation of the overall concentration of oxygen vacancies 
has been made by the peak area of the oxygen vacan-
cies AOv

 corresponding to 598.5 and 595.6 cm−1 for pure 
CeO2 and 2% Gd-doped CeO2. The relative ratios of A(OV)1,  
A(OV)2 and AF2g

 bands, which are corresponding to 554.3–558, 
598–600.1, and for F2g band is also calculated to estimate the 

oxygen vacancies concentration for further doping concentra-
tions of Gd for 4% onward. The calculated values are shown in 
Figure 7.

This relative peak area ratio of oxygen vacancies and F2g 
mode is calculated by fitting the Lorentzian function for the 
corresponding modes. Ratio A A/O Fv 2g for pure CeO2 and 2% Gd-
doped CeO2, whereas, A A A( )/(OV) (OV) F1 2 2g+  ratios are calculated 
for Ce1−xGdxO2 (for x = 0.04, 0.06, 0.08, and 0.10) samples. 
From these calculated values one can infer that the relative 
oxygen vacancy concentration is found to gradually increase 
with fluencies of Gd3+ ions in CeO2 NPs.

2.5. X-Ray Photoelectron Spectroscopy (XPS) Measurements

2.5.1. XPS Spectra in Ce 3d Region

The chemical composition and the valence state of the pure 
CeO2 and Gd-doped CeO2 NPs have been further character-
ized using XPS measurements of Ce 3d, Gd 4d, and O 1s core 
levels. Figure 8 illustrates the Ce 3d core level XP spectra of 
Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples. All 
binding energies have been corrected for the charge shift using 
the C 1s peak (binding energy = 284.6 eV) as reference.[70] The 
high-resolution Ce 3d core level spectra in the energy range 
of 880–930 eV have been deconvoluted by mean of Gaussian 
shape fitting as shown in Figure 8. These deconvoluted Ce 3d 
core-level spectra are generally characterized by distinct features 
which are related to the final-state occupation of Ce 4f level.[71] 
On Account of spin–orbit coupling, these deconvoluted Ce 3d 
core-level spectra are resolved into ten peaks, which include six 
and four structures arise from Ce4+ and Ce3+ ions, respectively. 
These series of peaks are labeled as “u” and “v,” which are due 
to 3d3/2 and 3d5/2 spin–orbit states, respectively.[30] The four 
peaks labeled with vo, v′, uo, and u′ are characteristic peaks of 
Ce3+, whereas, the peaks labeled with v, v″, v‴, u, u″, and u‴ are 
characteristic peaks of Ce4+ (shown in Figure 8).[72] The sepa-
ration in binding energy between v and u spin–orbit doublets 
is found around ≈18.4 eV for pure CeO2, and for Ce1−xGdxO2 
(x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples, which are in good 
agreement with the reported papers.[73,74]

We can see from the Ce 3d core level spectra that Ce ions 
are present in mixed valance state of both Ce3+ and Ce4+ for 
pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) 
samples. All peak positions for “u” and “v” of pure CeO2 and 
Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples have 
been tabulated in Table 3. The total concentration of Ce3+ and 
Ce4+ in the samples has been calculated using the following 
formula[75]

A

A A
% Ce 100%3 Ce

Ce Ce

3

3 4

=
+

×+ +

+ +

 (12)

A

A A
% Ce 100%4 Ce

Ce Ce

4

3 4

=
+

×+ +

+ +

 (13)

Here, A v v u uCe o o3 = + ′ + + ′+  and A v v v u u uCe4 = + ′′ + ′′′ + + ′′ + ′′′+  
are the sum of the integrated area of all characteristics peaks of 
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Figure 7. Relative peak area ratio for bands of oxygen vacancies and F2g 
mode for Ce1−xGdxO2 (x = 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10) samples.
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Ce3+ and Ce4+, respectively. These calculated values are tabulated 
in Table 3. The quantitative ratio of Ce3+/Ce4+ shows that the con-
centration of Ce3+ ions over Ce4+ ions is gradually increasing for 
Ce1−xGdxO2 (x = 0.00, 0.02, and 0.04) samples. While, at 6% Gd-
doping concentration Ce3+/Ce4+ value is deceased, which is again 
increased and then decreased at 8% and 10% doping.

This shows that due to incorporation of larger radii Gd3+ ions 
(0.105 nm) in CeO2 NPs, replacing the smaller radii Ce4+ ions 
(0.97 Å) and for maintaining the charge neutrality, the concentration 
of Ce3+ ions (0.114 nm) is gradually increased for x = 0.02  
and 0.04 doping concentrations. The presence of Ce3+ may be due 
to either the formation of Ce2O3 or the creation of oxygen vacan-
cies in CeO2 lattice. This can be verified by calculating the stoichi-
ometry ratios x = [O]/[Ce] and x′ = [O1s]/[Ce3d], which can be esti-
mated from their integrated peak area while considering their sen-
sitivity factor. In order to calculate oxygen content in the samples, 
we assume that the total oxygen content is the sum of the required 
oxygen to fully oxidize Ce3+ and Ce4+ to form Ce2O3 and CeO2. 
Then, considering the stoichiometry x = [O]/[Ce], which is equal to 
1.5 for Ce2O3 and 2 for CeO2. Now, the stoichiometric ratio of the 
oxygen to the total Ce ions (Ce3+ + Ce4+) can be determined using 

the concentration of [Ce3+] and [Ce4+] as given in Table 4 according 
to the following equation[52]

x
O
Ce

3
2

Ce 2 Ce3 4[ ]
[ ]

= = ×   + ×  
+ +  (14)

The stoichiometry calculated from Equation (14) has been 
compared with the actual stoichiometry determined from the 
XPS integrated area AO and ACe of the O 1s and Ce 3d peaks, 
respectively, which has been calculated according to the fol-
lowing equation[76]

x
A

A

S

S

O
Ce

1s

3d

O

Ce

Ce

O

′ = = ×  (15)

where SCe = 7.399 and SO = 0.711 are the sensitivity factors of the 
Ce and O atoms, respectively.[77] Figure 9 shows the stoichiom-
etry variation with the concentration of Gd-dopant determined 
by both methods, x and x′, which is provided the concentration 
of Ce3+ and Ce4+ ions in pure CeO2 and Ce1−xGdxO2 (x = 0.02, 
0.04, 0.06, 0.08 and 0.10) samples (as listed in Table 4).
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Table 3. Ce 3d XPS peak assignments for pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples.

Sample Peak assignment Ce 3d5/2 Ce 3d3/2 Ce3+ [%] Ce4+ [%] Ce3+/Ce4+

vo Ce3+ v Ce4+ v′ Ce3+ v″ Ce4+ v‴ Ce4+ uo Ce3+ u Ce4+ u′ Ce3+ u″ Ce4+ u‴ Ce4+

Pure CeO2 Binding energy [eV] 882.5 884.7 887.7 890.7 898.7 900.7 903.1 905.6 909.8 918.8 34.23 65.76 0.52

Ce0.98Gd0.02O2 883 884.5 887 890.5 898.5 900.6 903 904.9 909.5 918.6 38.86 61.13 0.63

Ce0.96Gd0.04O2 882.4 884.6 887.3 890.8 898.3 900.6 903.1 905.5 909.5 918.9 41.36 58.63 0.70

Ce0.94Gd0.06O2 883.7 885.1 887.6 891.2 899.3 901.1 903.4 905.6 909.9 919.2 35.04 64.95 0.54

Ce0.92Gd0.08O2 882.4 884.4 887.2 890.8 898.1 900.4 902.9 905.4 909.5 918.6 39.50 60.49 0.65

Ce0.90Gd0.10O2 884.4 886.3 888.9 892.7 900.6 902.4 904.7 907.3 911.3 920.6 33.61 66.38 0.51

Figure 8. Deconvoluted XP spectra of Ce 3d profile of pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples.
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Although, the calculated values of actual stoichiometry (x′) 
are higher than that (x) calculated by Equation (5) for pure 
CeO2 and Ce0.98Gd0.02O2 sample, which exhibits low concen-
tration of Ce3+ ions for pure CeO2 NPs in comparison with 
Ce0.98Gd0.02O2 sample. This means that due to incorporation of 
Gd3+ ions in CeO2 NPs, Gd3+ ions replaces the Ce4+ ions with 
formation of oxygen vacancies in the Ce0.98Gd0.02O2 sample. On 
the other hand, the value of (x′) is smaller than (x) for x = 0.04, 
0.06, 0.08, and 0.10 doping concentrations, which suggested 
that the entire Ce3+ ions are consumed in the formation of 
Ce2O3. Simultaneously, the oxygen deficiency with increasing 
Ce3+ ions suggests that Ce3+ ions are associated with Ce2O3 as 
well as oxygen vacancies in CeO2 and both kinds may coexist in 
Gd-doped CeO2 (x = 0.04, 0.06, 0.08, and 0.10) samples.

This means that core level Ce 3d spectra prove the exist-
ence of Ce2O3 in the Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 
0.10) samples, while from XRD analysis only CeO2 is identi-
fied. This Ce2O3 phase has amorphous character and indicates 
that this phase is located at the grain surface and at the grain 
boundaries. Patsalas et al.[52] have reported a dimensional 
analysis, which determined that Ce2O3 and CeO2 are located 
at grain surface and volume, respectively. A linear correlation 
can be established between third power of [Ce4+] (grain volume 
distribution) as well as third power of D (which is propor-
tional to the grain volume Vg) with square of [Ce3+] (surface 
distribution).

Figure 10 shows a linear relation between [Ce3+]2 and [Ce4+]3 
that confirms the distribution of Ce2O3 and CeO2 at the grain 
surface and volume. While, the experimental points of D3 versus 
[Ce3+]2 are more scattered around straight line of the dimen-
sional analysis, which is attributed to the strain in the grain 
that affects the broadening of the XRD peaks with Gd-doping in 
CeO2 samples. From Table 4, it can also be seen that the differ-
ence between x and x′ increases and decreases with increase and 
decrease of Ce3+ ions for Ce1−xGdxO2 (x = 0.04, 0.06, 0.08, and 
0.10) samples, which show an up and down in the formation of 
oxygen vacancies in these samples.

2.5.2. O 1s XPS Spectra

The O 1s spectra for pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 
0.06, 0.08, and 0.10) samples are shown in Figure 11. The asym-
metrical O 1s core level spectra in the binding energy range 
526–540 eV are deconvoluted into four peaks to determine 
the surface concentration of oxygen ions for all samples. The 
deconvoluted binding energy peaks of O 1s core level spectra 
at ≈528.6–529.9 eV can be assigned to the lattice oxygen O2− 
(denoted as OL) in pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 
0.06, 0.08, and 0.10) samples, while peak at higher binding 
energy side ≈530.3–533.3 eV and ≈533.5–536.4 eV are possibly 
assigned to oxygen vacancies (denoted as OV) corresponds to 
Ce3+ species originated from Ce2O3

[78] and formation of hydroxyl 
or absorbed H2O species[79] (denoted as Oα and Oβ) on the sur-
face of the samples, respectively (as shown in Table 5).[80,81]

As shown in Figure 11, all the samples are showing the similar 
O 1s core level spectra, which are also used as another source of 
information about Ce oxidation state. Since, it is well known that 
the electronegativity of Gd ion (1.21) is higher than Ce ion (1.12) 
on Pauling scale, therefore, O 1s peak from Gd2O3 should be at 
higher binding energy than that from metal oxide CeO2.[82] Thus, 
due to incorporation of Gd3+ ions in the lattice of CeO2, not only 
the intensity of the lattice oxygen peak (OL) but also oxygen vacan-
cies peak (OV) are found to increase for 2% Gd-doped CeO2 NPs. 
The quantitative estimation of OL and OV peaks shows that due to 
incorporation of Gd3+ ions the oxygen vacancies are formed on the 
surface of the Gd-doped CeO2 samples. These vacancies are found 
to show variation with change in the concentration of Gd-ions in 
the CeO2 NPs. Furthermore, as 1s electron of oxygen atom attached 
more tightly bound to Ce3+ rather than Ce4+ oxidation state. Thus, 
change in the oxidation state of Ce-ions (+4 to +3) due to incorpo-
ration of Gd3+ ions in the CeO2 NPs, may also be responsible for 
the change in the formation of oxygen vacancies. The quantitative 
percentage of Ce3+ oxidation state from core level spectra of Ce 3d 
for pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) 
samples, if compared with quantitative percentage of OV from O 
1s core level spectra, one can infer that the increasing Ce3+ con-
centration is also helpful in increasing the oxygen vacancies on the 
surface of samples (as shown in Tables 3 and 5) along with the 
percentage increase in the concentration of the Gd3+ ions.

2.5.3. Gd 4d XPS Spectra

The deconvoluted Gd 4d core level XPS spectra are split into 
doublet (Gd 4d5/2 and Gd 4d3/2) due to spin–orbit coupling for 
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Table 4. Concentration of Ce3+ and Ce4+ ions and stoichiometry x = [O]/
[Ce] and x′ = [O1s]/[Ce3d] of the pure CeO2 and Ce1−xGdxO2 (x = 0.02, 
0.04, 0.06, 0.08, and 0.10) samples.

Sample [Ce3+] [Ce4+] x  = [O]/[Ce]a) x′ = [O1s]/[Ce3d]b)

Pure CeO2 0.342 0.657 1.83 2.73

Ce0.98Gd0.02O2 0.388 0.611 1.80 1.84

Ce0.96Gd0.04O2 0.413 0.586 1.79 1.60

Ce0.94Gd0.06O2 0.350 0.649 1.82 1.71

Ce0.92Gd0.08O2 0.395 0.604 1.80 1.51

Ce0.90Gd0.10O2 0.336 0.663 1.83 1.61

a)Using Equation (14); b)Using Equation (15).

Figure 9. The CeOx stoichiometry for pure CeO2 and Gd-doped CeO2 sam-
ples calculated from stoichiometry ratio x = [O]/[Ce] and x′ = [O1s]/[Ce3d].
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Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples, as 
shown in Figure 12. These two peaks existed in the range of 
≈143.7–145.8 eV and ≈148.7–151.7 eV can be attributed to Gd 
4d5/2 and Gd 4d3/2 states, respectively, which are indicating the 
presence of Gd3+ ions in Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, 
and 0.10) doped lattice.[83–85]

2.6. Magnetic Measurements

Figure 13a,b shows the room temperature magnetization (M) 
versus magnetic field (H) curves for pure CeO2 and Ce1−xGdxO2 
(x = 0.02, 0.04, 0.06, 0.08, and 0.10) NPs. It is observed that pure 
CeO2 nanoparticles are found to exhibit weak ferromagnetic 

(FM) behavior at room temperature with saturation magnetiza-
tion Ms = 0.049 emu g−1. Although, it has been reported that bulk 
CeO2 exhibit diamagnetic behavior where it is reported that at 
nanoregime the undoped CeO2 NPs exhibit weak ferromagnetism 
with small value of saturation magnetization by few reports.[86–92] 
Since, a significant amount of coercivity Hc = 77.95 Oe has 
been observed for pure CeO2 NPs, which ensures the ferromag-
netic nature in our pure CeO2 sample. The weak ferromagnetic 
behavior in pure CeO2 NPs at room temperature is associated 
with oxygen vacancies that have been originated by the conver-
sion of Ce4+ to Ce3+ oxidation state of cerium.[93]

Although, after incorporation of Gd3+ ions in CeO2 NPs, 
Ce0.98Gd0.02O2 sample still exhibit weak ferromagnetic (FM) 
behavior with increasing Ms = 0.140 emu g−1 while Hc has been 
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Figure 11. Deconvoluted core level spectra of O 1s profile for pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples.

Figure 10. The correlation of the [Ce3+]2 with [Ce4+]3 and grain volume (Vg ∝ D3), showing that Ce3+ and Ce4+ ions are located at the grain surface and 
volume, respectively.
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decreased 22.48 Oe as compared to pure CeO2 NPs. While, fur-
ther increase in Gd3+ ions concentration are not able to main-
tain this FM behavior, that can be clearly seen from the hyster-
esis curves (in Figure 13b) for Ce1−xGdxO2 (x = 0.04, 0.06, 0.08, 
and 0.10) samples. The magnetization of the Gd-doped CeO2 
samples is increased with increasing dopant concentration (as 
shown in Table 6 and Figure 13b). Since, the electronic con-
figuration of Gd3+ is [Xe] 6s25d14f7 with 7 unpaired electrons in 
the 4f shell. These unpaired 4f electrons polarize the 6s and 5d 
valence electrons, results high effective magnetic moment µeff = 
7.94 µB (calculated by the formula g J JJ ( 1)eff Bµ µ= + , where gJ 
is the Lande g-factor and for Gd3+ ion ground state 8S7/2, S = 7/2, 
L = 0, J = 7/2, gJ = 2).[94,95] With increasing dopant concentra-
tion, the interaction of these unpaired spins of 4f electrons with 
the outermost ligands or other Gd3+ is anticipated to get weaker. 
These noninteracting and localized magnetic spins of Gd3+ 
ions have induced the paramagnetism with increase in mag-
netization.[96,97] The paramagnetic moment from the Gd3+ ions 
incorporated into the CeO2 lattice increases with increasing the 

dopant concentration, which results in reduction of ferromag-
netic ordering in Gd-doped samples. Therefore, 4%, 6%, 8%, 
and 10% Gd-doped samples have small ferromagnetic behavior 
in addition to linear paramagnetic signals, which is gradually 
increasing with the fluency of Gd3+ ions in CeO2 NPs. Though 
Raman and XPS analyses are showing an increase in the oxygen 
vacancies but this increase in oxygen vacancy concentration may 
not enhance the ferromagnetic ordering in Gd-doped samples.[98] 
Nithyaa and Jaya reported the ferromagnetic behavior of pure 
TiO2 NPs but incorporation of Gd-ions enhanced the paramag-
netic nature, which has been reported due to oxygen defects.[99] 
In other reports on Gd doping in ZnO, the paramagnetism in 
these samples is reported due to high magnetic moment of Gd-
ions (µ = 7.1 µB) and due to presence of secondary phases of 
Gd2O3.[100–102]

Now, the main issue herein is to understand the possible 
origin of ferromagnetic dominated paramagnetic behavior in 
pure CeO2 and Gd-doped CeO2 NPs, respectively. The origin 
of FM behavior has been discussed in this paper accounting 
the F-center exchange (FCE) mechanism as a subcategory 
of bound magnetic polaron (BMP) model.[103] The concep-
tion of FCE coupling is based on BMP model that has been 
interpreted with the presence of oxygen vacancies (VO). These 
oxygen vacancies and magnetic ions constitute a BMP that 
produces the ferromagnetism in these systems. In pure CeO2 
NPs, the origin of ferromagnetism is supposed to the reduc-
tion of the oxidation state of Ce ions, i.e., Ce4+ to Ce3+. The for-
mations of oxygen vacancies give rise to the reduction of Ce4+ 
to Ce3+ state. The formation of oxygen vacancy left two elec-
trons which may be transferred to a Ce4+ ion converting Ce4+ 
into Ce3+. Due to this process, mixed Ce3+ and Ce4+ states yield 
in the pure CeO2 NPs, which has already been confirmed by 
Ce 3d core level spectra analysis. The ferromagnetism in pure 
CeO2 NPs may be arise from the nearest-neighbor interaction, 
i.e., either double exchange (Ce3+–VO–Ce4+) or superexchange 
(Ce3+–VO–Ce3+), which is mediated by oxygen ions.[104] The 
double exchange interaction forms an F+ center because the 
two electrons left by VO are trapped on Ce4+ ion and VO (hydro-
genic orbital), while superexchange interaction forms an F2+ 
center due to the both electrons are trapped on Ce4+ ions.[105] 
When Gd ion is incorporated into CeO2, it has suppressed the 
ferromagnetism of CeO2 NPs (as shown in Figure 13b). Now, 
for Ce0.98Gd0.02O2 sample, the F+ center may be coupled with 
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Table 5. XPS binding energies of individual peaks of O 1s spectra for pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples.

Sample     O 1s peak position

    Lattice oxygen species (OL) Oxygen vacancy species (OV)    OH − group species BE [eV]

BE [eV]
= + ×

A
A A

% O 100L
O

O O

L

L V

BE [eV]
= + ×

A
A A

% O 100V
O

O O

V

L V

(Oα) (Oβ)

Pure CeO2 529.8 35.94 532.9 64.05 533.6 535.7

Ce0.98Gd0.02O2 528.6 28.16 530.3 71.84 533.5 535.5

Ce0.96Gd0.04O2 529.3 28.41 532.4 71.58 533.7 535.9

Ce0.94Gd0.06O2 529.8 35.79 532.6 64.20 533.9 536.1

Ce0.92Gd0.08O2 529.2 26.60 532.2 73.40 533.5 535.7

Ce0.90Gd0.10O2 529.9 33.32 533.3 66.70 534.1 536.3

Figure 12. Gd 4d core level XP spectra of Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 
0.08, and 0.10) samples.
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the nearest Ce3+ or Gd 4f orbital and form Ce3+–VO–Gd3+ com-
plex (BMP), which is dominated in this sample. When the size 
of this BMP is large enough to percolate through the lattice, 
long-range (weak) room temperature ferromagnetism can be 
realized with higher saturation magnetization. However, it is 
clearly observed that ferromagnetism has been suppressed 
with the increase in Gd-doping concentration up to x = 0.10. 
Due to increase in Gd-ion doping concentration, the number 
of Gd-ions in the interior of CeO2 lattice is less than that on 
its surface or on the grain boundaries. Only those Gd-ions are 
allowed to enter the lattice that is permitted by the host ions 
and rest is expelled. Due to higher doping concentration the 
separation among Gd3+ ions is decreased. These largely sepa-
rated Gd3+ ions suppress the ferromagnetism and undergo 
superexchange interaction with each other via O2− ions and 
results in antiparallel alignment of the magnetic spins of Gd 4f 
shell present in the nearest-neighbor ions that do not negotiate 
in ferromagnetic ordering. Thus higher doping concentration 
of Gd3+ ions tends to destroy the observed ferromagnetism 
in Gd-doped CeO2 NPs. Hence in our case the increase in 
paramagnetic signals may be attri buted to increase in oxygen 
vacancy concentrations without enhancing the ferromagnetic 
ordering of the samples. This ferromagnetic ordering is fur-
ther suppressed due to the increased concentrations of Gd3+-
cation as the separation between these Gd3+ -ions is decreased 
results in anti-parallel alignment of the spins of Gd 4f state 
due to superexchange interaction.

2.7. Water Splitting Analysis

The amount of photocatalytic H2 evolved from the samples has 
been hourly monitored (Table 7 and Figure 14a) and after 4 h 
exposure to light the respective release of hydrogen is observed as 
1.47406, 1.4847, 1.4923, 1.4984, 1.51367, and 1.5243 mmol h−1 g−1  
for pristine Pt/CeO2, Pt/Gd0.02Ce0.98O2, Pt/Gd0.04Ce0.96O2, Pt/
Gd0.06Ce0.94O2, Pt/Gd0.08Ce0.092O2, Pt/Gd0.10Ce0.90O2 samples, 
respectively (Figure 14a). According to the mechanism, when 
the surface of the molecular device Pt/GdCeO2 exposed to the 
light, an electron of the valance band (VB) gets energized after 
receiving that energy of light and jumped from VB to conduc-
tion band (CB), which generates a pair of photohole (at VB) 
and photoelectron (at CB) at Gd/CeO2 surface. Nascent photo-
electrons of CB are arrived at the junction of Pt/electrolyte inter-
face by passing through the electron-pool of the metallic Pt (that 
can segregate the photoelectrons from photoholes). These pho-
toelectrons interact with H+ ions[106] of the water at the interface 
and liberate the nascent H that combined with another nascent 
H atom to generate H2 gas. Hole amassed at VB of the doped 
semiconductor is responsible for the breakdown of CH3OH in 
formaldehyde or formic acid or both as mentioned in Equations 
(16)–(26),[107,108] which can be used to depict the proposed elec-
tron transfer mechanism of the water splitting, as illustrated by 
Figure 14b.

e

h

Gd CeO CV of Gd CeO

VB of Gd CeO photocarriers generation
2

light

2

2 ( )
( )

( )
− → −

+ −

−

+
 (16)

e e(CV of Gd CeO ) Pt (transfer of photoelectron)2− →− −  (17)

e(CV of Gd CeO ) H O H

OH (generation of free radical H )
2 2

*

*

− + →
+

−

−  (18)

H H H (0.00 eV) (generation of H )* *
2 2+ →  (19)

hH H (generation of H )* + →+ + +
 (20)

Table 6. Summary of saturation magnetization (Ms), retentivity (Mr), 
and coercivity (Hc) for pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 
0.08, and 0.10) NPs.

Sample Ms [emu g−1] Mr [emu g−1] [× 10−4] Hc [Oe]

Pure CeO2 0.049 5.77 77.95

Ce0.98Gd0.02O2 0.140 3.56 22.48

Ce0.96Gd0.04O2 0.194 0.46 1.30

Ce0.94Gd0.06O2 0.296 0.87 1.38

Ce0.92Gd0.08O2 0.333 1.16 6.18

Ce0.90Gd0.10O2 0.421 3.15 12.96

Global Challenges 2019, 1800090

Figure 13. Magnetization versus magnetic field plot for a) pure CeO2 and b) Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples at room tem-
perature (300 K).
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H H H (0.00 eV) (generation of H )2 2+ →+ +
 (21)

hVB of Gd CeO CH OH CH OH H 0.1264 eV2 3 2
*( ) ( )− + → + −+ +

 (22)

h CH OH OH HOCH OH HCHO
H O ( 3.848 eV) (formation of HCHO)

2
*

2
*

2

+ + → →
+ −

+ −

 (23)

CH OH O OCH OH HCHO
OH ( 3.18 eV) (formation of HCHO)

2
*

2
*

*

+ → →
+ −

 (24)

CH OH O OCH OH HCOOH
H ( 4.125 eV) (formation of HCOOH)

2
*

2
*

*

+ → →
+ −

 (25)

hHCOOH 2 CO
2H ( 0.19 eV) (formation of CO from HCHO)

2

2

+ →
+ −

+

+  (26)

There are many factors which can dominate the water split-
ting activity such as particle size of photocatalyst, binding 
energy, dopant concentration and position (either Gd3+ ion is 
taking position of Ce3+ or Ce4+ ion), oxygen vacancies, band gap 
and band positions, and many more. All of the above factors 
collectively responsible for increase in hydrogen generation 
activity on increasing the dopant concentration in ceria. Usually 
the steady decrease in particle size increases water splitting 

activity with increase in Gd proportion due to the large. Intro-
duction of dopant Gd into the CeO2 lattice, also gradually 
increases the oxygen vacancy in the lattice arrangement of  
CeO2 because Gd3+(radius of Gd3+ = 0.105 nm and charge den-
sity = 91) replaced the high charged but small Ce4+ ion(radius of 
Ce4+ = 0.097 nm and charge density = 148) in 2%, 4%, and 8% 
doped samples but also replaced low charged but bigger sized 
Ce3+ (radius of Ce3+ cation = 0.114 nm and charge density = 75) 
in 6% and 10% Gd samples.[109]

All of the above changes due to Gd-doping in ceria lattice 
maintained the phase purity (checked with XRD) with minor 
but favorable changes in lattice parameters and suggested the 
lattice arrangement of atoms with expanded electron clouds 
between high charge M(Ce4+/Ce3+) and low charge M(Gd3+) 
bonds through bridging O and O as shown in Figure 15a. That 
results into creating active side to generate more carriers that 
bring about the enhanced photocatalytic activity of the doped 
ceria.

Usually the steady decrease in particle size increases water 
splitting activity with increase in Gd proportion due to the 
large. Introduction of dopant Gd into the CeO2 lattice also 
gradually increases the oxygen vacancy in the lattice arrange-
ment of CeO2 because Gd3+ (radius of Gd3+ = 0.105 nm and 
charge density = 91) replaced the high charged but small Ce4+ 
ion (radius of Ce4+ = 0.097 nm and charge density = 148) in 2%, 
4%, and 8% doped samples but also replaced low charged but 
bigger sized Ce3+ (radius of Ce3+ cation = 0.114 nm and charge 
density = 75) in 6% and 10% Gd samples.[109]
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Table 7. Comparative band gaps with their CB and VB positions, hydrogen production with and without Pt loading, with respect to the pure CeO2 and 
2%, 4%, 6%, 8%, and 10% Gd-doped CeO2 compound.

Compound Oxygen vacancy [%] 〈D〉 [nm] Ce3±/Ce4+ Band gap [eV] CB [eV] VB [eV] H2 generation without Pt  
loading [mol g−1 h−1]

H2 generation with Pt 
loading [mol g−1 h−1]

Pure CeO2 64.05 8.50 0.52 2.60 −0.240 2.360 (1.4695) 1.47406

Ce0.98Gd0.02O2 71.84 6.58 0.63 2.66 −0.270 2.390 (1.4771) 1.4847

Ce0.96Gd0.04O2 71.58 6.66 0.70 2.71 −0.295 2.415 (1.4832) 1.4923

Ce0.94Gd0.06O2 64.20 6.68 0.54 2.67 −0.275 2.395 (1.4923) 1.4984

Ce0.92Gd0.08O2 73.40 5.81 0.65 2.64 −0.260 2.380 (1.5030) 1.51367

Ce0.90Gd0.10O2 66.70 5.88 0.51 2.52 −0.200 2.320 (1.5167) 1.5243

Figure 14. a) Hydrogen production rate for pristine CeO2 and 2%, 4%, 6%, 8%, and 10% Gd-doped CeO2 compounds in 10% CH3OH under visible 
light exposure of 300 W Xe light source and b) charge transfer reaction at oxidative and reductive sites.
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Local cluster framework of the tetrahedral coordinated 
groups of multivalent metal cations (Ce4+/Ce3+and Gd3+) and 
anions (O2

2−) generates a strong local electrostatic field inside 
the tetrahedra, as confirmed by the XRD, XPS, and Raman 
results. Residual water molecules are captured by the strong 
local electrostatic field of the molecular device Ce1−xGdxO2 (x = 
0.02, 0.04, 0.06, 0.08, and 0.10). These water molecules attract 
the bridging oxygen through the protonic side and the metallic 
cation, i.e., Ce through the hydroxyl side (Figure 15b).

Finally, we get bridging oxygen impregnated with a hydroxyl 
proton and the Ce metallic side with a hydroxyl group that 
function as Lewis acid sites, which create strong electron with-
drawing centers neighboring bridging O–H groups[110] as shown 
by Figure 15b. These withdrawing centers can act as superacidic 
Brnsted acid sites (BAS) with a highly negative cluster frame-
work. H3O+ that detached from BAS to release the tension of 
the bulky species and generate H+. These H + reacts with the 
photoelectrons of the solid solutions and produce nascent H 
that couples with another H. Thus, hydrogen gas is generated.

3. Conclusion

In summary, Gd-doped CeO2 nanoparticles have been success-
fully synthesized by the coprecipitation method. The structural 
and morphological studies have been made by XRD, TEM, 
HRTEM, and SEAD analysis. From the XRD analysis all the 
lattice parameters, volume, particle size of pure and Gd-doped 
CeO2 NPs have been calculated, the particle size of these nano-
particles is further verified with TEM and SERS analysis and 
observed approximately similar to the results obtained with 
XRD analysis. The particles are spherical in shape and getting 
agglomerated with fluencies of Gd3+ ions in CeO2 sample and 
the particle size is in the range of 5–7 nm, which is confirmed 
from the TEM images. From the TEM results and analysis 
we have observed the broadening of diffraction rings, which 
indicates that the particles are small in size and crystallinity 
becomes low with increasing doping concentration of Gd3+ ions 
in CeO2 NPs.

From the analysis of the UV-Vis-NIR absorption spectra we 
have observed the variation in the refractive index and band 

gap energy with different concentration of Gd-ions in CeO2 
NPs. The reduction of refractive index with incorporation of 
Gd3+ ions in CeO2 NPs is beneficial to UV protection. Normally, 
UV protection ability is strongly depending on the particle size 
and at nanoregime UV absorption ability is stronger than that 
of microsized ones. From the SERS spectra on pure and Gd-
doped CeO2 NPs, the particle size, oxygen vacancy concentra-
tions, etc. have been made to understand the mechanism of 
other properties of these samples. From the SERS spectra we 
can say that no other impurity phases are present in our sam-
ples and hence the nature of ferromagnetism in these NPs is 
intrinsic in nature and derived from the defects and intrinsic 
and extrinsic oxygen vacancy concentrations, which is found to 
gradually increase with fluencies of Gd3+ ions in CeO2 NPs.

Further for electronic structure of these NPs the core level 
Ce 3d, O1s, and Gd 4d XPS spectra have been recorded and 
analyzed in detail. From this analysis the change of oxidation 
state of Ce+4 to Ce+3 ions, incorporation of the Gd+3 ions in the 
lattice and formation of oxygen vacancies are reported. From 
the core level Ce 3d spectra the presence of both Ce3+ and Ce4+ 
ions in all the samples and an increase in the Ce3+ concentra-
tion can be seen with the fluencies of Gd3+ dopant ions in CeO2 
NPs, due to the formation of defects or an amorphous phase of 
Ce2O3. From the O 1s core level spectra analysis we are able to 
demonstrate that doping of Gd3+ ions in CeO2 NPs can modify 
the rate of reduction of Ce4+ to Ce3+ oxidation state as well 
as affects the formation of oxygen vacancies in Ce1−xGdxO2  
(x = 0.02, 0.04, 0.06, 0.08, and 0.10) doped samples. However, 
the Gd 4d core level spectra cannot be recorded with good sta-
tistics due to very small concentrations but reports the pres-
ence of Gd ion in our NPs. In our magnetic measurements we 
can see that all the samples pure CeO2 and Ce1−xGdxO2 (x = 
0.02, 0.04, 0.06, 0.08, and 0.10) are showing the weak ferromag-
netism dominated paramagnetic behavior, which is assumed to 
be triggered due to change of oxidation state of Ce+4 to Ce+3 
ions, incorporation of the Gd+3 ions in the lattice and forma-
tion of oxygen vacancies. From Raman and XPS analyses, the 
presence of oxygen vacancy related defects is apparent. From 
Ce 3d XPS spectra one can reveal that a significant increase 
in Ce3+ ions is not only able to increase the oxygen vacancies 
due to formation of Ce2O3 phase in Ce1−xGdxO2 (x = 0.02, 0.04, 

Global Challenges 2019, 1800090

Figure 15. a) M–M bond through bridging O atoms and b) water splitting phenomena at atomic lattice level through Lewis acid site (LAS) and Brønsted 
acid site (BAS).
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0.06, 0.08, and 0.10), which is not traceable with the XRD 
analysis but also may be due to the substitution of Ce4+ ions 
by Gd3+ ions and this substitution actually creates the oxygen 
vacancies and owe the presence of ferromagnetic ordering in 
Ce0.98Gd0.02O2 sample.

In the water splitting results, the amount of photocatalytic 
H2 evolved from the samples is monitored, and the respec-
tive release of hydrogen is found to increase for pristine Pt/
CeO2, Pt/Gd-doped CeO2 samples with the increased doping 
concentrations of the Gd-ion. The particle size of photocata-
lyst, binding energies, oxygen vacancy concentrations, band 
gap, and many other factors are collectively responsible for 
increase in hydrogen generation activity with increasing dopant 
concentration in ceria. The observed release of hydrogen is 
found in good correlation with the characterization results and 
the proposed mechanism of water splitting is reported on the 
basis of analyses.

4. Experimental Section
Materials: Ammonium cerium (IV) nitrate (NH4)2Ce(NO3)6 (Alpha 

Aesar 99.99%), gadolinium (III) nitrate hexahydrate Gd(NO3)3·6H2O 
(Alpha Aesar 99.9%), and sodium hydroxide (NaOH) were used.

Material Preparation: Nanocrystalline pure CeO2 and Ce1−xGdxO2 
(x = 0.02, 0.04, 0.06, 0.08, and 0.10) samples were synthesized using 
coprecipitation method. The appropriate stoichiometric amount of 
(NH4)2Ce(NO3)6 and Gd(NO3)3·6H2O were used for synthesizing 
Ce1−xGdxO2 NPs. Initially, (NH4)2Ce(NO3)6 and Gd(NO3)3·6H2O 
precursor solution was prepared in distilled water with magnetic 
stirring at the rate of 600 rpm. Then NaOH solution was added drop by 
drop to this solution until the pH level reached about 11. This solution 
was stirred about 4 h and then the synthesized pale-yellow precipitate 
was collected. The precipitate was dried at room temperature and 
annealed in the furnace about 500 °C for 8 h. A set of samples, i.e., 
pure CeO2 and Ce1−xGdxO2 (x = 0.02, 0.04, 0.06, 0.08, and 0.10) were 
prepared. The main chemical reactions during the experimental 
process are as follows

→ +( ) ( )( )
+ −6NaOH 6Na 6OHS aq aq  (27)

( ) ( ) → ( ) ( ) ( )
−NH Ce NO Ce + 6NO + 2NH4 2 3 6 aq

3+
3 aq 4 aq

+
 (28)

+ →( ) ( ) ( )
+ −6Na 6NO 6NaNOaq 3 aq 3 aq  (29)

+ → ↑ +( ) ( ) ( ) ( )
+ −2NH 2OH 2NH 2H O4 aq aq 3 g 2 aq  (30)

( )+ + → ⋅ ↓( ) ( ) ( ) ( )
+ − x xCe 4OH H O Ce OH H Oaq

3
aq 2 aq 4 2 s  (31)

( ) ( )⋅ → + ↑( )( ) ( )x xCe OH H O Ce OH H O4 2 S

at RT

4 s 2 g  (32)

( ) → + ( )( ) ( )

°

Ce OH CeO 2H O4 s

500 C

2 s 2 g  (33)

The complete chemical reaction can be combined as

( ) ( ) ( )+ → + + +NH Ce NO 6NaOH Ce OH 6NaNO 2NH 2H O4 2 3 6 4 3 3 2  (34)

( ) → +Ce OH CeO 2H O4 2 2  (35)

The final chemical reaction for the growth of various concentrations 
2%, 4%, 6%, 8% and 10% of dopant Gd-ions in CeO2 lattice are as 
follows

(1 ) (NH ) Ce NO [Gd NO 6H O]

6NaOH Ce Gd O molecular gases
4 2 3 6 3 3 2

1

x x

x x

( ) ( )−   + ⋅
+ → + ↑−  

(36)

Nanomaterial’s Characterization: The structural properties of all the 
samples were characterized using XRD measurements on a Brucker 
D8 Advance diffractometer with Cu Kα radiation (λ = 1.5406 Å). The 
diffraction patterns were recorded at room temperature in the 2θ 
range from 10° to 90°. The surface morphology, particle size, and 
crystallinity of the samples were studied using TEM with Technai G2 
20 S-TWIN (FEI Netherlands) instrument operating at an accelerating 
voltage of 200 kV. Samples for the TEM investigation were prepared 
by dispersing the nanopowder in ethanol using an ultrasonicator 
to produce a dilute suspension. Then a standard holey carbon film 
supported on Cu grid was immersed in the suspension to produce the 
TEM sample. The particle size distribution was calculated for a total 
150 number of particles using imagej software for TEM images. The 
optical characterizations were carried out by using SERS. For collecting 
Raman spectra, SERS of make Thermo Scientific DXRxi Raman Imaging 
Microscope with charge injection device detector using green laser 
with 532 nm excitation light source with its power kept at 10 mW 
were used. The UV–vis–NIR absorbance spectra on the samples in 
the wavelength range of 200–1000 nm with BaSO4 as standard were 
recorded employing a Shimadzu UV-3600 Plus spectrophotometer 
with an integrating sphere. XPS spectra were recorded on a ultrahigh 
vacuum based Omicron Multiprobe Surface analysis System (Germany, 
Gmbh) operating at a base pressure of 5 × 10−11 Torr. Mg Kα radiation 
source (with energy of 1253.6 eV) was used for data acquisition. 
An OMICRON EA125 hemispherical analyzer equipped with a 7 
channeltron parallel detection unit was used to collect the XPS spectra. 
The calibration of binding energy in photoemission spectra was done 
referring to standard Au 4f7/2 emission line with energy resolution 
of ≈0.9 eV FWHM on Au 4f7/2 with pass energy of 20 eV during the 
measurement. The XPS core level data were analyzed after necessary 
carbon corrections for the Fermi energy referencing. The magnetic 
properties of the samples were investigated at room temperature 
using a Quantum Design MPMS-3 SQUID system. The magnetization 
measurements were conducted by varying the applied field from  
−1.5 T to +1.5 T.

Photocatalytic cleavage of the water for hydrogen generation was 
carried out using the powder of photocatalytic molecular device 
(0.3 g powder of Pt/CeO2 or Pt/GdxCe1−xO2 or CeO2 or GdxCe1−xO2) 
that was suspended in 120 mL of aqueous hole-scavenger electrolyte 
(20% CH3OH; pH = 7.0) in a reaction cell, under the irradiation 
of 1 sun (100 mW cm−2, AM1.5 G) visible light. The powder of the 
photocatalyst (0.2 g with and without Pt loading) was suspended in 
120 mL of aqueous electrolyte (20% CH3OH pH = 7.0) in a double 
walled-Pyrex glass reaction cell (volume ≈150 mL, with water jacket) 
that was sealed with a rubber septum and plastic wire lock.[111,112] 
Prior to start the photochemical reaction, the suspension was 
continuously purged with Ar for 1 h by maintaining the 1 atm pressure 
of the inner jacket solution for expelling the air content from the 
solution. Circulating water bath is used to maintain the temperature 
of the outer jacket at 25 °C. Afterward, the suspension was irradiated 
with a 300 W Xe lamp (>420 nm, light intensity 1 × 1022 photons per 
hour Xe lamp-HX1, Model PE300UV, ISS). All the experiments were 
carried out under ambient conditions. Photocatalytic responses were 
hourly monitored in terms of the amount of hydrogen generated at 
1–4 h time intervals. Hydrogen gas has very small density and not 
soluble in water. Therefore, the evolved hydrogen was collected 
into the inverted gas collection graduated bottle by displacement 
of water from a container. The collected gas was checked with the 
gas chromatograph (Shimazdu, Japan, thermal conductivity detector 
and molecular sieve with 5 A columns) throughout the course of the 
reaction.
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[33] İ. Uslu, A. Aytimur, M. K. Öztürk, S. Koçyiğit, Ceram. Int. 2012, 38, 

4943.
[34] P. Bindu, S. Thomas, J. Theor. Appl. Phys. 2014, 8, 123.
[35] R. Murugan, G. Vijayaprasath, T. Mahalingam, G. Ravi, Appl. Surf. 

Sci. 2016, 390, 583.
[36] W. M. A. El Rouby, A. A. Farghali, A. Hamdedein, Water Sci. 

Technol. 2016, 74, 2325.
[37] D. Ma, Z. Lu, Y. Tang, T. Li, Z. Tang, Z. Yang, Phys. Lett. A 2014, 

378, 2570.
[38] M. Nolan, V. S. Verdugo, H. Metiu, Surf. Sci. 2008, 602, 2734.
[39] M. Guo, J. Lu, Y. Wu, Y. Wang, M. Luo, Langmuir 2011, 27, 3872.
[40] I. Singh, K. Landfester, R. Muñoz-Espí, A. Chandra, Nanotech-

nology 2017, 28, 075601.
[41] J. Malleshappa, H. Nagabhushana, B. D. Prasad, S. C. Shad gap 

rma, Y. S. Vidya, K. S. Anantharaju, Optik 2016, 127, 855.
[42] S. Kundu, N. Sutradhar, R. Thangamuthu, B. Subramanian, 

A. B. Panda, M. Jayachandran, J. Nanoparticle Res. 2012, 14, 1040.
[43] C. Hu, Z. Zhang, H. Liu, P. Gao, Z. L. Wang, Nanotechnology 2006, 

17, 5983.
[44] S. Tsunekawa, R. Sahara, Y. Kawazoe, A. Kasuya, Mater. Trans., JIM 

2000, 41, 1104.
[45] Z. Wang, Z. Quan, J. Lin, Inorg. Chem. 2007, 46, 5237.
[46] M. Karl Chinnu, K. Vijai Anand, R. Mohan Kumar, T. Alagesan, 

R. Jayavel, J. Exp. Nanosci. 2015, 10, 520.
[47] A. V. Thorat, T. Ghoshal, P. Carolan, J. D. Holmes, M. A. Morris, 

J. Phys. Chem. C 2014, 118, 10700.
[48] N. S. Arul, D. Mangalaraj, P. C. Chen, N. Ponpandian, 

C. Viswanathan, Mater. Lett. 2011, 65, 2635.
[49] B. Choudhury, A. Choudhury, Curr. Appl. Phys. 2013, 13, 217.
[50] M. Y. Chen, X. T. Zu, X. Xiang, H. L. Zhang, Phys. B 2007, 389, 263.
[51] I. Hamberg, C. G. Granqvist, K. F. Berggren, B. E. Sernelius, 

L. Engström, Phys. Rev. B 1984, 30, 3240.
[52] P. Patsalas, S. Logothetidis, L. Sygellou, , S. Kennou, Phys. Rev. B 

2003, 68, 035104.
[53] P. Nagaraju, Y. Vijaya Kumar, M. V. Ramana Reddy, 

C. Vishnuvardhan Reddy, V. Raghavendra Reddy, D. M. Phase, Int. 
J. Sci. Eng. Res. 2014, 5, 185.

[54] N. N. Dao, M. Dai Luu, Q. K. Nguyen, B. S. Kim, Adv. Nat. Sci. 
Nanosci. Nanotechnol. 2011, 2, 045013.

Global Challenges 2019, 1800090



www.advancedsciencenews.com

1800090 (19 of 19) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.global-challenges.com

[55] B. Sharma, R. R. Frontiera, A. I. Henry, E. Ringe, R. P. Van Duyne, 
Mater. Today 2012, 15, 16.

[56] J. Cui, G. A. Hope, J. Spectrosc. 2015, 2015, 1.
[57] I. Kosacki, T. Suzuki, H. U. Anderson, P. Colomban, Solid State 

Ionics 2002, 149, 99.
[58] Y. U. Jinqiu, C. U. I. Lei, H. E. Huaqiang, Y. A. N. Shihong, 

H. U. Yunsheng, W. U. Hao, J. Rare Earths 2014, 32, 1.
[59] P. Sathishkumar, R. V. Mangalaraja, T. Pandiyarajan, 

M. A. Gracia-Pinilla, N. Escalona, C. Herrera, R. Garcia, RSC Adv. 
2015, 5, 22578.

[60] T. Taniguchi, T. Watanabe, N. Sugiyama, A. K. Subramani, 
H. Wagata, N. Matsushita, M. Yoshimura, J. Phys. Chem. C 2009, 
113, 19789.

[61] B. Choudhury, A. Choudhury, Mater. Chem. Phys. 2012, 131, 666.
[62] S. A. Acharya, V. M. Gaikwad, V. Sathe, S. K. Kulkarni, Appl. Phys. 

Lett. 2014, 104, 113508.
[63] C. Thiabdokmai, A. Tangtrakarn, S. Promsuy, P. Ngiewlay, 

C. Mongkolkachit, Adv. Mater. Sci. Eng. 2014, 2014, 1.
[64] M. Kamiya, E. Shimada, Y. Ikuma, M. Komatsu, H. Haneda, J. Elec-

trochem. Soc. 2000, 147, 1222.
[65] X. Niu, F. Tu, J. Mater. Sci.: Mater. Electron. 2017, 28, 2141.
[66] W. H. Weber, K. C. Hass, J. R. McBride, Phys. Rev. B 1993, 48, 178.
[67] A. C. Cabral, L. S. Cavalcante, R. C. Deus, E. Longo, A. Z. Simões, 

F. Moura, Ceram. Int. 2014, 40, 4445.
[68] L. D. Jadhav, M. G. Chourashiya, A. P. Jamale, A. U. Chavan, 

S. P. Patil, J. Alloys Compd. 2010, 506, 739.
[69] S. Phoka, P. Laokul, E. Swatsitang, V. Promarak, S. Seraphin, 

S. Maensiri, Mater. Chem. Phys. 2009, 115, 423.
[70] X. Ma, P. Lu, P. Wu, J. Alloys Compd. 2018. 734, 22.
[71] A. K. Sinha, K. Suzuki, J. Phys. Chem. B 2005, 109, 1708.
[72] P. Venkataswamy, K. N. Rao, D. Jampaiah, B. M. Reddy, Appl. 

Catal., B 2015, 162, 122.
[73] Y. L. Kuo, C. Lee, Y. S. Chen, H. Liang, Solid State Ionics 2009, 180, 

1421.
[74] M. R. Rao, T. Shripathi, J. Electron Spectrosc. Relat. Phenom. 1997, 

87, 121.
[75] J. Zhang, H. Wong, D. Yu, K. Kakushima, H. Iwai, AIP Adv. 2014, 

4, 117117.
[76] F. Meng, L. Wang, J. Cui, J. Alloys Compd. 2013, 556, 102.
[77] M. M. Khan, S. A. Ansari, D. Pradhan, D. H. Han, J. Lee, 

M. H. Cho, Ind. Eng. Chem. Res. 2014, 53, 9754.
[78] F. Pagliuca, P. Luches, S. Valeri, Surf. Sci. 2013, 607, 164.
[79] P. Bera, H. Seenivasan, K. S. Rajam, C. Shivakumara, S. K. Parida, 

Surf. Interface Anal. 2013, 45, 1026.
[80] A. Galtayries, R. Sporken, J. Riga, G. Blanchard, R. Caudano, 

J. Electron Spectrosc. Relat. Phenom. 1998, 88-91, 951.
[81] S. A. Ansari, M. M. Khan, M. O. Ansari, S. Kalathil, J. Lee, 

M. H. Cho, RSC Adv. 2014, 4, 16782.
[82] S. A. Acharya, V. M. Gaikwad, S. W. D’Souza, S. R. Barman, Solid 

State Ionics 2014, 260, 21.
[83] D. N. Durgasri, T. Vinodkumar, P. Sudarsanam, B. M. Reddy, 

Catal. Lett. 2014, 144, 971.
[84] J. L. Rupp, T. Drobek, A. Rossi, L. J. Gauckler, Chem. Mater. 2007, 

19, 1134.

[85] M. Pramanik, F. K. Shieh, S. M. Alshehri, Z. A. Alothman, 
K. C. W. Wu, Y. Yamauchi, RSC Adv. 2015, 5, 42762.

[86] A. Sundaresan, C. N. R. Rao, Nano Today 2009, 4, 96.
[87] Y. Liu, Z. Lockman, A. Aziz, J. MacManus-Driscoll, J. Phys.: Con-

dens. Matter 2008, 20, 165201.
[88] M. Y. Ge, H. Wang, E. Z. Liu, J. F. Liu, J. Z. Jiang, Y. K. Li, Z. A. Xu, 

H. Y. Li, Appl. Phys. Lett. 2008, 93, 062505.
[89] X. Chen, G. Li, Y. Su, X. Qiu, L. Li, Z. Zou, Nanotechnology 2009, 

20, 115606.
[90] S. Y. Chen, Y. H. Lu, T. W. Huang, D. C. Yan, C. L. Dong, J. Phys. 

Chem. C 2010, 114, 19576.
[91] K. Ackland, L. M. Monzon, M. Venkatesan, J. M. D. Coey, IEEE 

Trans. Magn. 2011, 47, 3509.
[92] S. Phokha, S. Pinitsoontorn, P. Chirawatkul, Y. Poo-arporn, 

S. Maensiri, Nanoscale Res. Lett. 2012, 7, 425.
[93] K. S. Ranjith, P. Saravanan, S. H. Chen, C. L. Dong, C. L. Chen, 

S. Y. Chen, K. Asokan, R. T. R. Kumar, J. Phys. Chem. 2014, 118, 
27039.
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a b s t r a c t

In this study, the correlation between the concentration of dopant ions and oxygen vacancy defect of Sm-
doped CeO2 Nano-particles (NPs) were investigated systematically by X-ray diffraction (XRD), Ultraviolet
evisible-Near Infrared spectroscopy (UVeViseNIR) and Surface-enhanced Raman spectroscopy (SERS).
The nano-crystalline Ce1�xSmxO2 (x¼ 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) samples were synthesized
using co-precipitation chemical route. The XRD measurements revealed that Sm3þ ions are successfully
incorporated at the Ce4þ ion sites in the face centered cubic (fcc) lattice of CeO2 NPs. The high-resolution
transmission electron microscopy (HRTEM) and Selected area electron diffraction (SEAD) patterns were
analyzed to study the surface morphology, crystallinity, atomic structure of the samples. The average
particle size calculated with TEM images was obtained in the range of 5e8 nm for Ce1�xSmxO2 samples
for all the doping concentrations. The UVeViseNIR spectroscopy and Surface-enhanced Raman Spec-
troscopy were analyzed to investigate the optical properties and defect structure in these NPs. The UV
eViseNIR spectroscopy measurements revealed that due to aggregation of particles the optical band gap
energy was varied with fluencies of Sm3þ ions as well as due to particle size variations of NPs. Peak
asymmetry and broadening of Raman active mode further ascribed the presence of oxygen vacancy
(whether extrinsic or intrinsic), which were varied with the fluencies of Sm3þ ions in CeO2 NPs. This
paper presented a systematic study on the fluencies of Sm doping in CeO2 nano-particle lattice to un-
derstand the role of vacancies, intrinsic and extrinsic oxygen vacancies and their effect on tailoring the
structural and optical properties of doped CeO2 nano-particles for various applications like luminescent
materials, oxygen transportation, catalysts, ultraviolet fuel cells, corrosion prevention etc.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In recent years dilute magnetic semiconductors (DMS) have
been extensively studies due to their enormous spintronic prop-
erties for various spintronic applications, among them Cerium
oxide is considered as a promising candidate, which has evoked a
great deal of interest among the researchers for its wide range of
applications such as solid electrolyte in solid oxide fuel cells
(SOFC's) [1], three way catalysts for automobile exhaust systems,

oxygen gas sensors, having wide band gap energy of 3.2 eV used as
sunscreen for UV absorbent [2], blocking material in UV-shielding
[3], and CeO2 films can also be used as protective coating of SOFC's
interconnector [4] Most of the chemical, mechanical andmagnetic
properties of CeO2 directly depend on the presence of related
point defects, such as oxygen vacancies, which are believed to be
generated due to reduction of Ce4þ to Ce3þ oxidation states of
cerium ions and further change in material properties may be
attributed due its particle size change from micro to nano-scale. It
is also reported by researchers that CeO2 nanoparticles (NPs) have
a tendency to liberate more oxygen ions and create more oxygen
vacancies than bulk CeO2, due to increased surface-to-volume
ratio [5], which may result into increase in oxygen storage

* Corresponding author.
E-mail addresses: skmlsu@gmail.com (S. Kumar), parveznihal@gmail.com

(P.A. Alvi), sdphysics@rediffmail.com (S. Dalela).

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journal homepage: http: / /www.elsevier .com/locate/ ja lcom

https://doi.org/10.1016/j.jallcom.2018.04.157
0925-8388/© 2018 Elsevier B.V. All rights reserved.

Journal of Alloys and Compounds 752 (2018) 520e531

mailto:skmlsu@gmail.com
mailto:parveznihal@gmail.com
mailto:sdphysics@rediffmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2018.04.157&domain=pdf
www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2018.04.157
https://doi.org/10.1016/j.jallcom.2018.04.157
https://doi.org/10.1016/j.jallcom.2018.04.157


capacity as well as oxygen ion conductivity in these materials
[6,7]. Further, it is also reported that the type of dopant also alters
the ion conductivity of CeO2 NPs i.e. rare earth ions as dopant
significantly increases the oxygen vacancies, which is responsible
for enhancement in the oxygen ion conductivity and in mechan-
ical properties in RE-doped CeO2 nanomaterials [8e10]. V. V.
Ursaki et al., reported that substitution of Ce4þ ions by Sm3þ ions
could be formed the oxygen vacancies which are responsible for
enhancement of the ionic conductivity of Sm-doped CeO2 film
synthesized by using electrochemical deposition method [11]. The
room temperature ferromagnetic properties are also reported to
be enhanced due to RE doping into CeO2 nanomaterials [12] i.e.
recently enhanced room temperature ferromagnetic properties
were reported by K. Kaviyaras et al. for Gd-doped CeO2 nanocrystal
prepared using hydrothermal method, attributed due to the for-
mation of the oxygen vacancies due to Gd ion incorporation and
increased annealing temperature [13]. Chen et al., have observed
that the concentration of dopant ions also affect the localized
environment of the CeO2 NPs, for their Sm-doped CeO2 nano-
particles (for 3, 5, 7, 9, 11 and 15% doping concentrations) prepared
using precipitation method [14]. E. Swatsitang et al., have been
observed stable room temperature ferromagnetism induced by
oxygen vacancies in accordance with BMP model, for pure and
Sm-doped CeO2 (5, 10, 15 and 20%) nanoparticles synthesized by
polymer pyrolysis method [15]. However, a correlation between
dopant and oxygen vacancies also affects the conductivity and
ferromagnetism in doped ceria that not only depends on the size
of the dopants but also on the optimum value of doping concen-
tration [12,16]. Recently, the electronic structure of the pure CeO2
and Fe-doped CeO2 polycrystalline samples have been investi-
gated by X-ray photoemission spectroscopy (XPS) and it is
revealed that the Ce4þ states are reduced to Ce3þ states for Fe-
doped CeO2 samples, which may be explained by the formation
of the oxygen vacancies in the samples [17]. Further, Lee et al. [18],
reported that the trapping effect of the oxygen vacancies between
dopant and cerium ions can be varied with small and large size
RE-dopant ions in ceria, which finally affects the local structure in
the lattice by generating strain due to strain caused by dopant ion
radius. Although there are few experimental reports have been
seen to study the oxygen vacancy defect variation with small
doping concentrations in Sm-doped CeO2 NPs. The origin of
ferromagnetism in these compounds is still controversial; there
are doubts whether the ferromagnetism is intrinsic or extrinsic in
these compounds. Generally, it is acceptable that the Sm-ions are
substituting the Ce-site in the lattice and hence the ferromagne-
tism in these compounds is intrinsic in nature. Hence, the main
motive behind this study is to explore the formation of defects,
oxygen vacancy defect arises due to the small doping concentra-
tion of Sm3þ ions in CeO2 NPs.

It is requisite that the microstructure of the Sm3þ ions doped
CeO2 NPs have to be studied using some appropriate method and
hence in the present work, pure and Sm-doped CeO2 NPs with
different doping concentration (2, 4, 6, 8 and 10%) synthesized by
co-precipitation method is studied using Surface-enhanced Raman
Spectroscopy (SERS) as this technique can be used to identify the
information on direct defects and oxygen vacancies as the other
techniques like X-ray Diffraction (XRD), electron microscopies are
not suitable for probing the atomic scale defect structures in the
lattice. The effect of Sm doping on the structural, surface
morphological, optical properties of Sm-doped CeO2 NPs with
different doping concentration (2, 4, 6, 8 and 10%) has been
investigated using various techniques such as XRD, Transmission
electron microscopy (TEM), Energy-dispersive X-ray spectroscopy
(EDX), UVeViseNIR spectroscopy and SERS. Specifically, we have
also discussed the relationship between doping concentration and

oxygen vacancies defects with a view to explain the microstructure
of Sm-doped CeO2 NPs.

2. Experimental details

2.1. Materials

Cerium (III) Choride heptahydrate (CeCl3.7H2O) (Alpha Aesar
99.9%), Samarium (III) Choride hexahydrate (SmCl3.6H2O) (Alpha
Aesar 99.9%) and Ammonium hydroxide (NH4OH) 30% solution.

2.2. Material preparation

Nanocrystalline Ce1�xSmxO2 (x¼ 0.00, 0.02, 0.04, 0.06, 0.08, and
0.10) samples were synthesized using co-precipitation method. The
appropriate stoichiometric amount of CeCl3.7H2O and SmCl3.6H2O
were used for synthesizing Ce1�xSmxO2 NPs. Initially, CeCl3.7H2O
and SmCl3.6H2O precursor solution was prepared in distilled water
with magnetic stirring at the rate of 600 rpm. Then 30% NH4OH
solutionwas added drop wise to this solution until the pH level was
reached about 10. This solution was stirred about 4 h with the
stirring rate of 1600 rpm at room temperature. After that, the
synthesized pale-yellow precipitate were collected and washed
with distilled water. The samples were dried at room temperature
and annealed in the furnace about 500 �C for 8 h. A set of samples,
i.e. pure CeO2, 2%, 4%, 6%, 8% and 10% of Sm-doped CeO2 nano-
particles were formed. The chemical reaction occurring during the
experimental process can be written as follows:

CeCl3$7H2OðaqÞ þ 3NH4OHðaqÞ/CeðOHÞ3ðsÞ þ 3NH4Cl ðaqÞ
þ 7H2OðaqÞ

(1)

2CeðOHÞ3ðsÞ ��!500�C2CeO2ðsÞ þ 2H2OðgÞ þH2ðgÞ[ (2)

Assumed chemical reactions for the growth on various ratios
(x¼ 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10) of dopant Sm-ion in CeO2
NPs can be occurred as follows:

ð1� xÞ½CeCl3$7H2O� þ x½SmCl3$6H2O�
þ 3NH4OH/Ce1�xSmxO2 þMolecular gases[ (3)

2.3. Nano-materials characterization

The structural properties of the samples were studied using x-
ray diffraction (XRD) method on Brucker D8 Advance diffractom-
eter utilizing Cu Ka radiation (l¼ 1.5406Å). The diffraction patterns
were recorded at room temperature in the 2q range from 10 to 90�

with 0.05� min�1 scanning speed and the counting time of 5 s per
step. The surface morphology, particle size and crystalline nature of
the samples was studied using Transmission electron microscopy
(TEM) with Technai G2 20 S-TWIN (FEI Netherlands) instrument
operated at an accelerating voltage of 200 kV. Samples for the TEM
investigation were prepared by dispersing the nanopowder in
ethanol using an ultrasonicator to produce a dilute suspension for
correct particle size measurements. A standard carbon film mesh
supported on Cu grid was immersed in the suspension to produce
the sample for TEM measurements. The particle size distribution
was measured for a total 150 particles using the Image-j software.
Energy-dispersive X-ray (EDX) spectra were recorded from TESCAN
MIRA 3 FESEM equipped with EDX (OXFORD detector with AZtec
software) operating at an accelerating voltage of 15 kV. EDX
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analysis was used to confirm the presence of the elements. The
optical and defect characterizations were carried out by Surface-
enhanced Raman spectroscopy (SERS) on a Thermo Scientific
DXRxi Raman Imaging Microscope with Charge Injection device
(CID) detector having a green laser with 532 nm excitation light
source with its power was kept at 10mW. The Ultra-
violetevisibleeNear infrared (UV-VIS-NIR) spectroscopy was per-
formed for the optical absorbance spectra of the samples in the
range of 200e1000 nm with BaSO4 as an internal standard, were
recorded employing a Shimadzu UV-3600 Plus spectrophotometer
with an integrating sphere.

3. Result and discussion

3.1. Structural analysis

Fig. 1(a) displays the indexed powder XRD patterns for
Ce1�xSmxO2 (x¼ 0.00, 0.02, 0.04, 0.06, 0.08, and 0.10) nanoparticles
(NPs). All major Bragg peaks (111), (200), (220), (311), (222), (400),
(331), (420) and (422) corresponding to the crystallographic plane
having face-centered cubic fluorite (fcc) structure with the space
group Fm3m in which Ce is located at 4a position and surrounded
by eight oxygen located at 8b position [19] are marked on the XRD
pattern. Further, in order to rule out the presence of any peak

corresponding to secondary impurity phase such as Sm2O3 the XRD
patterns are plotted on Log scale (see Fig.1(b)). Fig.1(b) depicts only
the allowed Bragg reflections and no impurity peak can be detected
in the XRD patterns of all the samples. These observations clearly
indicate well incorporation of Sm3þ ions on CeO2 lattice site and
indeed confirming the single phase formation of doped Ce1�xSmxO2
samples.

Fig. 2(aef) shows the Rietveld refined and fitted X-ray diffrac-
tion spectra for all the pure and doped Ce1�xSmxO2 samples, which
has been carried out on a series of x¼ 0.02, 0.04, 0.06, 0.08 and 0.10
doping concentration at room temperature and the results of the
Rietveld refinement are tabulated in Table 1. It indicates that all
peaks are in good agreement with the standard data for CeO2 (with
peak intensity according to JCPDS Card No. 43e1002) [20].

As shown in Fig. 3, the intensity of most intense Bragg diffrac-
tion peak (111) is not changedmuchwith the incorporation of Sm3þ

ions for x¼ 0.02 and 0.04 fluencies, but with further increase in
concentration of Sm (for x¼ 0.06, 0.08 and 0.10) the peak intensity
is changed drastically. It is reported that the increasing intensity in
the diffraction peak signifies an improvement in the crystalline
nature while decreasing intensity signifies low crystalline nature of
the CeO2 NPs samples [21]. Simultaneously, Fig. 3 indicates that
incorporation of Sm3þ ions for x¼ 0.02 and 0.04 the diffraction
peak (111) is shifted towards lower angle side and for x¼ 0.06, 0.08
and 0.10 concentration peak is shifted towards higher angle side. It
is also reported that the shifting of (111) peak to the lower and
higher angle side is attributed to the lattice expansion and
contraction, respectively, with the doping of Sm3þ ions in CeO2 NPs
[22].

As clearly seen in Fig. 1, the XRD diffraction peaks become
broader after doping and broadness of peaks are changed with the
fluency of Sm3þ ions in CeO2 NPs, indicating that crystal size and
crystalline nature of the samples are affected due to change in the
concentration of dopant ions in CeO2 NPs. The average nano-
crystalline particle size (D) of pure CeO2 and Ce1�xSmxO2 samples is
calculated using the Debye Scherrer's formula [23,24]:

D ¼ k l
b cosq

(4)

where k is the particle shape factor (0.9), l is the X-ray wavelength
of Cu Ka radiation (1.5406Å), b is the full width at half maxima
(FWHM) of XRD (111) diffraction peak, which was calculated by b ¼
ðb2m � b2i Þ

1=2
, here bm and bi are the measured and instrumental

broadening (in radian) respectively and q is the Bragg's diffraction
angle of the peak in degree. Table 1 incorporates the calculated
lattice parameter of Ce1�xSmxO2 samples. The increase in the lattice
parameter corresponding to pure CeO2 indicates that the volume of
the CeO2 cell has been increased with Sm-doping, which is related
with the effective ionic radius of the dopant ion [25], as the ionic
radius of Sm3þ (0.1079 nm) is larger than the ionic radius of Ce4þ

(0.097 nm) ions [26]. This incorporation of Sm3þ ions in CeO2
sample possibly will create the larger radius of Ce3þ ions (0.114 nm)
rather than smaller radii Ce4þ ions. Furthermore, in order to
maintain charge equilibrium, Sm3þ and Ce3þ ions are collectively
creating oxygen vacancies in the CeO2 lattice, which is also reported
for further lattice expansion [22]. These variations in lattice
parameter clearly indicate the effect of Sm3þ ions doping concen-
tration in CeO2 NPs. It has been reported that lattice parameter and
particle size are directly related to each other, as particle size in-
creases this causes a decrease in the lattice parameter [27]. This can
be explained by the increased rigidity, which may be caused by
increasing lattice strain results from the substitution of Ce4þ ions by
Sm3þ ions. Now, lattice strain (ε) is calculated using formula
[28,29]:

Fig. 1. a: XRD patterns of pure CeO2 and Ce1�xSmxO2 (for x¼ 0.02, 0.04, 0.06, 0.08, and
0.10) nanoparticles. b: XRD patterns of pure CeO2 and Ce1�xSmxO2 (for x¼ 0.02, 0.04,
0.06, 0.08, and 0.10) NPs plotted on Log scale.
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Fig. 2. (aef): Rietveld refined and fitted X-ray diffraction patterns of Pure CeO2 and Ce1�xSmxO2 (x¼ 0.02, 0.04, 0.06, 0.08 and 0.10) samples NPs at 300 K. Observed (calculated)
profiles are shown by dotted (solid) lines. The short vertical marks represent Bragg reflections. The lower curve is the difference plot.

Table 1
Obtained values of lattice parameter (a), unit cell volume and other fine details from Rietveld refinement analysis of the X-ray Diffraction data.

Samples Ce1-xSmxO2 x¼ 0.00 x¼ 0.02 x¼ 0.04 x¼ 0.06 x¼ 0.08 x¼ 0.10

Lattice Parameter a (Å) 5.4146 (2) 5.4105 (25) 5.4167(18) 5.4195(18) 5.4209 (30) 5.4294(22)
Unit Cell Volume V(Å3) 158.74(8) 158.38(13) 158.93(9) 159.41(9) 160.01 (9) 160.05 (12)
Rp 2.50 2.83 2.71 2.56 2.44 2.70
Rwp 3.17 3.57 3.47 3.26 3.10 3.39
Rexp 3.01 3.39 3.25 3.08 3.01 3.19
c2 1.11 1.11 1.14 1.12 1.06 1.13
RBragg 1.28 1.30 1.76 1.96 1.42 2.84
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ε ¼ b cosq
4

(5)

As tabulated in Table 2, all positive values of strain are related to
the tensile strain in Sm-doped Ce1�xSmxO2 samples. The results
revealed that due to incorporation of Sm3þ ions, strain is decreased
for initial doping concentration x¼ 0.02, which increases for
x¼ 0.04 concentration, decreases for x¼ 0.06 and increase can be
seen for further doping concentrations. This indicates that due to
incorporation of larger radii Sm3þ (0.1079 nm) ion, lattice is relaxed
for x¼ 0.02 and 0.06 concentrations, while strain expands the lat-
tice for other doping concentrations (as shown in Table 2). It is also
reported in some theoretical investigation that the tensile strain
promotes the formation of oxygen vacancies more than the
compressive strain [30]. Hence, the increment in tensile strain in
our samples can be directly related to the endorsement of oxygen
vacancies, which is related to the bonding length and the strength
between the surface oxygen and Ce atom [31]. Since, for tensile
strain, the bandwidth of the O 2p orbital decreases and overlapping
between O 2p and Ce 5 d as well as Ce 4f orbital also decreases,
which leads aweaker CeeO bond and responsible for the formation

of oxygen vacancies [30].
Furthermore, the dislocation density is another crystallographic

defect, or irregularity, which is also foundwithin a crystal structure.
The dislocation density (d) is defined as the total length of dislo-
cation lines per unit volume, which is calculated using formula
[32]:

d ¼ 1

D2 (6)

Here, D is average particle size measured from TEM images.
The dislocation density is found to increase after incorporation

of Sm3þ ions for all the doping concentrations of Sm in CeO2 NPs
(except for x¼ 0.06), d found to be decreased (as shown in Table 2).
This increase in dislocation density corresponds to the promotion
of disorder for Sm-doped CeO2 samples [21].

3.2. Surface morphology

The average crystallite particle size of all the samples was
further confirmed by Transmission electron microscopy (TEM),
which is used to get the information about the shape, size and the
presence of any secondary phase in doped Ce1�xSmxO2 NPs sam-
ples. The particle size and morphology of Ce1�xSmxO2 samples
analyzed by TEM are shown in Fig. 4.

It can be clearly seen from the TEM images that the particles are
crystallized nanoparticles and agglomerated with spherical geom-
etry. The particle-size distribution (histogram is shown in the inset
of Fig. 4) shows that the distribution is quite narrow in the size
range of 5e8 nm for all the Ce1�xSmxO2 NPs samples, which are in
good agreement with the results obtained from XRD data (listed in
Table 2). This agglomeration of particles with smaller particle-size
(<8 nm) indicates that the obtained particles are nanocrystallites.
The particle size measured directly from TEM images promotes
crystal growth with the doping concentration of Sm3þ ions. How-
ever, the morphology of all samples is not changing but the
agglomeration of particles is increased with increasing doping
concentration of Sm3þ ions (as shown in Fig. 4). Since, agglomer-
ation of nanoparticles is more stable configuration according to the
energy point of view, which allows nanoparticles for crystallite
growth [33]. Furthermore, high-resolution transmission electron
microscopy (HRTEM) and selected area diffraction analysis (SAED)
are also used to get the information about the nanocrystallinity and
the impurity phase present in the Ce1�xSmxO2 samples.

HRTEM images (as shown in Fig. 5) indicate that the lattice
fringes are well developed and randomly oriented with respect to
each other. Most of the lattice fringes of Ce1�xSmxO2 samples are
about at a distance of 0.31 nm (values are tabulated in Table 2) that
corresponding to the (111) lattice plane of the fluorite like cubic
structure. However, interplanar distance (d) has been changed with
Sm3þ ions doping in CeO2 NPs. As shown in Table 2, there is no
significant change has been observed in the interplanar distance (d)

Fig. 3. Limited range XRD diffraction pattern plotted in the vicinity of the (111) Bragg
peak for Sm-doped CeO2 nanoparticles.

Table 2
Calculated values of lattice spacing (d) for (111) plane, average crystalline size (D)measured fromTEM, XRD and Raman line broadening, dislocation density (d), lattice strain (ε),
absorbance wavelength (l), optical band gap energy (Eg) and refractive index (n) are summarized in the table.

Sample d (nm) D (nm) d (nm�2) ε� 10�2 l (nm) Eg (eV) n

TEM XRD Raman spectra

Pure CeO2 0.317 7.24 9.16 8.07 0.019 3.88 313 2.87 2.43
Ce0:98Sm0:02O2 0.308 5.94 9.49 9.28 0.028 3.75 329 2.69 2.48
Ce0:96Sm0:04O2 0.317 6.45 9.12 8.04 0.024 3.83 320 2.86 2.43
Ce0:94Sm0:06O2 0.316 8.13 9.62 7.40 0.015 3.78 324 2.83 2.44
Ce0:92Sm0:08O2 0.317 6.62 7.72 6.34 0.022 4.68 323 2.87 2.43
Ce0:90Sm0:10O2 0.322 6.76 6.91 5.03 0.021 6.98 316 2.64 2.50
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for x¼ 0.00, 0.04, 0.06 and 0.08 Sm-doped CeO2 samples but for
x¼ 0.02 and 0.10 Sm-doped CeO2 samples, the interplanar distance
d¼ 0.308 and 0.322 nm for (111) plane, respectively, has been
changed. The increased value of interplanar distance (d) indicates

the crystal growth and the low crystallinity. Some defects, such as
dislocations (shown in Fig. 5(f) marked with a red ring) are also
observed in the HRTEM micrograph of 10% Sm-doped CeO2 NPs.
Moreover, The SAED patterns are also taken (shown in the insets of

Fig. 4. TEM image for Sm-doped (a) Pure CeO2, (b) 2% Sm-doped CeO2, (c) 4% Sm-doped CeO2, (d) 6% Sm-doped CeO2, (e) 8% Sm-doped CeO2, (f) 10% Sm-doped CeO2 NPs and inset
histogram show the particle-size distribution of the corresponding samples.

Fig. 5. HRTEM images of Sm-doped with interplanar distance (d)-spacing for (111) plane for (a) Pure CeO2 (b) 2% Sm-doped CeO2 (c) 4% Sm-doped CeO2 (d) 6% Sm-doped CeO2 (e)
8% Sm-doped CeO2 (f) 10% Sm-doped CeO2 NPs and inset shows the SAED pattern of corresponding sample.
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Fig. 5) for all the pure and doped Ce1�xSmxO2 NPs samples. The
SAED pattern exhibits four broad rings, which could be attributed
to (111), (200), (220) and (311) planes. These rings indicate that the
particles are crystallized and diffraction rings are very well
agreeing to the XRD pattern of all the samples. The broadening of
diffraction rings indicates the sizes of the particles are small and
crystalline nature of all the samples getting low with increasing
doping concentration of Sm3þ ions.

Fig. 6(aef) gives the Energy-dispersive X-ray (EDX) spectra for
the pure CeO2 and Ce1�xSmxO2 (x¼ 0.02, 0.04, 0.06, 0.08, and 0.10)
nanoparticles. It is observed that the cerium (Ce), samarium (Sm)
and oxygen (O) elements are present in the spectra nearly in the
stoichiometric ratio. No other elements were found in the spectra
reflecting the high purity of the synthesized samples. Note that the
Carbon signals were from the carbon conducting adhesive double
side tape on which the powder sample were loaded for measure-
ments. The EDX data on the oxygen is not reliable to have an esti-
mation of oxygen in these samples; it also reflects the surface
oxygen contamination.

3.3. UVeViseNIR analysis

Fig. 7(a) shows the UVevisible absorption optical spectra for all
the pure and Sm-doped Ce1�xSmxO2 NPs samples. It can be seen

that these samples exhibit strong absorption below 400 nmwith an
absorption peak in UV-range corresponding to the different doping
concentration of Sm3þ ions in CeO2 NPs, which are tabulated in
Table 2. These peaks are originated due to charge transfer from O2�

(2p) valance band to Ce4þ (4f) conduction band, which is a direct
recombination of the electrons in Ce4þ (4f) conduction band with
the holes in the O2� (2p) valance band. As shown in Fig. 7(a), due to
formation of the smaller size nanocrystals with the incorporation of
Sm3þ ions in CeO2 NPs lattice, the wavelength is shifted towards
longer wavelength (red shift) side i.e. 329 nm (for x¼ 0.02).
Whereas, aggregation of NPs is expected to increase with
increasing doping concentration of Sm3þ ions (for x¼ 0.04) in CeO2
NPs, due to this reason wavelength is shifted towards lower
wavelength side (i.e. blue shift). Again, it increases towards the
higher wavelength side for x¼ 0.06 and 0.08 doping concentrations
and for x¼ 0.10, the wavelength is again decreased which shows a
decrement in the aggregation of NPs.

Form all the absorption data, the optical band gap energies (Eg)
of the Ce1�xSmxO2 samples were calculated using Tauc's equation:

ahn ¼ A
�
hn� Eg

�n (7)

where, all the symbols have their usual meaning.
Fig. 7(b) shows the graphical variation of (ahn)2 vs Energy (hn)

Fig. 6. EDX spectrum of the (a) pure CeO2, (b) 2% Sm-doped CeO2, (c) 4% Sm-doped CeO2, (d) 6% Sm-doped CeO2, (e) 8% Sm-doped CeO2, and (f) 10% Sm-doped CeO2 nanoparticles.

S. Soni et al. / Journal of Alloys and Compounds 752 (2018) 520e531526



curve shown as per the direct transition n¼ 1/2 in equation (7) as
per reference [34]. The calculated values of band gap energies are
tabulated in Table 2 (generally reported band gap energy of bulk
CeO2 is 3.15 eV [35]). Since, nanoparticles showmuch different UV-
absorption behavior than their corresponding bulk structure, the
direct band gap energy (Eg) of pure CeO2 NPs were found to be
2.87 eV, which is attributed to owe this position due to increase in
the concentration of Ce3þ level on grain boundaries, confirms the
increase in concentration of Ce3þ ions in pure CeO2 lattice.

While incorporation of Sm3þ ion in CeO2 sample, further
reduction in the band gap energy can be seen as ~2.69 eV for 2% Sm
doping, this may be attributed to the creation of oxygen defect or
local bond distortions in the CeO2 lattice. The incorporation of Sm3þ

ions may increase the concentration of Ce3þ ions in CeO2 sample
due to the creation of oxygen defects or vacancies in the CeO2 lat-
tice. These oxygen defects create impurity levels, which are present
in between O 2p and Ce 4f states and capture the excited electrons
to decrease the band gap energy of Sm-doped CeO2 sample [36].
This red shifting implies successful incorporation of Sm3þ ions in
CeO2 lattice [37]. For other doping of Sm3þ ions in CeO2 NPs, band
gap energy is found to increase and decrease irregularly from
x¼ 0.04 to 0.10 doping concentration (as shown in Table 2). These
irregularities in the band gap values with increasing Sm3þ ions may
be related to the formation of new impurity energy levels in-
between the band gap of the doped samples [38]. However, the
UV-absorption ability of Ce1�xSmxO2 samples also depends on its
particle size. The variation of the band gap energy with particle size
measured from TEM images has been shown in Fig. 8, which shows
a decrease in the particle size at 4% Sm doping may be attributed to
the confinement of the carriers, finally increasing the band gap
energy of the 4% Sm-doped CeO2 NPs. Again the band gap energy is
decreased for x¼ 0.06 concentration, which can be explained with
Burstein-Moss (BM) effect [36].

DEBM
g ¼ h2

2m�
vc

�
3p2ne

�2=3
(8)

Here, m�
vc is an effective mass of electrons, ne is the electron con-

centration, h is the Plank constant. BM effect suggested that, above
the Mott critical density, the increased number of free electron
concentration lead to fill 4f level partially, which in turn blocks the
lowest states and led to increase the band gap. Herewe can say that

the 6% Sm doping is not sufficiently enough to cross the Mott
critical density concentration for BM effect, lead to a decrement in
band gap energy. The increment in band gap energy at 8% and then
decrement for 10%, Sm doping can be attributed from the fact that
the ground and excited f-energy states are created in the mid-band
gap of CeO2. At 8%, these energy states of Sm take up few excited
electrons coming from O 2p level but at 10%, many of excited
electrons already have taken up these energy states and hence
could not occupy the states, which finally lead to increase and
decrease the band gap energy respectively for 8% and 10%, Sm
doping concentrations.

The refractive indices of Sm-doped nanocrystalline CeO2 have
also been calculated by using the following formula [39]:

n2 � 1
n2 þ 2

¼ 1�
ffiffiffiffiffiffi
Eg

20

r
(9)

where n is the refractive index of the material and Eg is the optical
band gap energy. Table 2 shows the calculated value of refractive

Fig. 7. (a) Room temperature optical absorbance spectra of all the Ce1�xSmxO2 NPs samples taken in the UVevisible range, (b) Tauc's plot of (ahy)2 versus Energy (eV) for the
Ce1�xSmxO2 samples nanoparticles.

Fig. 8. Variation of particle size and band gap energy with Sm-doping concentration
(x¼ 0%, 2%, 4%, 6%, 8% and 10%) in Ce1�xSmxO2 sample nanoparticles.
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index of Ce1�xSmxO2 samples as a function of the doping concen-
tration of Sm-ions. Compare to pure CeO2, value of n is increased
with incorporation of Sm3þ ions (x¼ 0.02) in CeO2 NPs lattice,
whereas for x¼ 0.04, 0.06 and 0.08 concentrations a minute vari-
ation can be seen and finally at x¼ 0.10, the value of n is found to
increase. These results show that the refractive index is depending
on the concentration of Sm3þ ions in CeO2 NPs.

3.4. Raman spectra

Surface-enhanced Raman spectroscopy (SERS) is an important
characterization technique for investigating the structural sym-
metry and defects in nanocrystalline samples due to doping of few
percentages of dopant ions. Fig. 9 shows the Raman spectra of
Ce1�xSmxO2 NPs sample with various doping concentrations
(x¼ 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) of Sm-ion. As shown in
Fig. 9, pure CeO2 nanoparticles exhibit a Raman peak at
462.50 cm�1, which can be associated to the triply degenerate F2g
mode of the cubic fluorite crystal structure of CeO2. This mode can
be considered as the symmetrical stretching mode of eight oxygen
atoms around Ce4þ ions (OeCeeO) and the molecule maintain its
tetrahedral symmetry throughout [40]. This vibrational mode is
nearly independent of the cation mass due to the movement of
oxygen atoms, therefore, this peak is very sensitive to any disorder
in the oxygen sub-lattice resulting from thermal, doping or grain
size induced non-stoichiometric disorders [41]. Besides of F2g

mode, some other weak intensity Raman peaks are also observed in
the Raman spectra of pure CeO2 samples (as shown in the inset of
Fig. 9 bec). The peak located at 598.5 cm�1 (in Fig. 9(b)) for pure
CeO2 is attributed to the second order Raman spectrum, with
phonon mode uTO(X) þ LA(X), ascribed its presence due to Ce3þ

ions and oxygen vacancies [42,43]. In the CeO2 lattice, oxygen va-
cancies are reported to be formed when the average particle size
decreased down to dimensions of the order of nano-size [44]. In our
results, we can see that the particle size measured from TEM im-
ages (as shown in Table 2) are decreased down to nano-size.

According to this, there can be three possible defect induction
mechanisms for generation of oxygen vacancy in the pure CeO2

lattice, which can be given as [45]:

CeCe þ 2OO/V
00 00 þ 2V$$

O þ CeO2 (10)

CeCe/V
00 00
Ce þ Ce$$$$i (11)

OO/V$$
O þ O

00
i (12)

In the SERS spectra, another second-order Raman peak can be
seen at 1175.8 cm�1 for pure CeO2, which is associated with 2LO
(second overtone band of longitudinal optical mode) Raman mode.
The Raman active mode (F2g) for Ce1�xSmxO2 samples (for x¼ 0.02,
0.04, 0.06, 0.08 and 0.10) is also obtained in the range of ~461-
459 cm�1 (as shown in Table 3). We can see from the SERS spectra

Fig. 9. Raman spectra of Sm-doped CeO2 nanoparticles. Inset (a), (b) and (c) of the figure contains the enlarged views of their corresponding Raman spectra in the 420-510 cm�1

energy range related to F2g mode, 500-660 cm�1 range related to oxygen defects and 1300-1440 cm�1 range related to 3LO, respectively.

Table 3
The Position of Raman active modes (cm�1) from Raman spectra and relative peak area ratio.

Sample Position of Raman active mode (cm�1) and Vibrational Modea Aov=AF2g ðAðOv Þ1þAðOv Þ2Þ
AF 2g

First-order Scattering Second-order Scattering [46,47] Third-order Scattering

F2g A1g (Ov) A1g þ F2g ðOvÞ1 A1g þ Eg þ F2g ðOvÞ2 2LO 3LO

Pure CeO2 462.5 598.5 e e 1175.8 e 0.044 e

Ce0:98Sm0:02O2 461.1 e 537.1 591.3 e 1364.6 e 0.062
Ce0:96Sm0:04O2 460.5 e 548.6 593.5 e 1361.5 e 0.091
Ce0:94Sm0:06O2 459.6 e 546.5 589.5 e 1360.2 e 0.185
Ce0:92Sm0:08O2 459.1 e 546.9 590.7 e 1349.9 e 0.271
Ce0:90Sm0:10O2 459.5 e 558.5 600.1 1175.2 e e 0.123

a Vibrational modes corresponding to Second-order Scattering are given as per Ref. [46,47].
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that with increasing doping fluency of Sm3þ ions, F2g mode is
shifted towards the lower wave-number side with the asymmet-
rical broadening of the mode. This may be attributed due to the cell
expansion, inhomogeneous strain, phonon confinement and vari-
ation in phonon relaxationwith the substitution of Sm3þ ions in the
CeO2 lattice [48,49]. In Fig. 9 the characteristic band for Sm2O3 i.e.
345 cm�1 is absent in the Raman spectra [50,51], clearly indicates
the successful incorporation of Sm3þ ions into the CeO2 lattice,
which is in agreement with XRD results. As incorporation of Sm3þ

ions in CeO2 (for x¼ 0.02), 3 s-order Raman modes are detected at
537.1, 591.3 and 1364.6 cm�1, where first two are assigned to the
presence of oxygen vacancies generated into CeO2 lattice due to
incorporation of Sm3þ ions and third mode is 3LO (third overtone
band of longitudinal optic mode) mode.

Moreover, with increasing fluencies of Sm3þ ions (for x¼ 0.04,
0.06, 0.08 and 0.10 doping concentrations) into CeO2 lattice, the
second-order Raman features near the value of ~548e558 cm�1,
associated with extrinsic oxygen vacancies induced by replacing
Ce4þ ions by Sm3þ ions in order to maintain charge neutrality into
CeO2 NPs [52,53]. The possible disorder mechanism for extrinsic
oxygen vacancies in Sm-doped CeO2 NPs can be given as:

Sm2O3 þ 2CexCe þ Ox
O/2Sm0

Ce þ V$$
O þ 2CeO2 (13)

where, symbols has the following meaning as; Cexce and Sm
0
Ce are

Ce4þ and Sm3þ ions on the CeO2 lattice site, respectively, Ox
O is O�2

ions on an oxygen lattice site, and V$$
O is neutral oxygen vacancy

site.
Another oxygen vacancy peak can also be seen in the range of

~593e600 cm�1 attributed to the defect space including intrinsic
oxygen vacancies due to the presence of Ce3þ ions as reported
[54,55]. The possible disorder mechanism for the creation of
intrinsic oxygen vacancies in the sample can be given as per the
reaction [56]:

2CexCe þ Ox
O/2Ce0Ce þ V$$

O þ 1=2O2ðgÞ (14)

where, symbols has the following meaning as; Cexce and Ce
0
Ce are

Ce4þ and Ce3þ ions on the Ce lattice site, respectively, Ox
O is O�2 ions

on an oxygen lattice site, and V$$
O is neutral oxygen vacancy site [40].

Moreover, a band near ~1364-1349 cm�1 is assigned to 3LO Raman
mode, which is activated due to multiphonon relaxation by reso-
nance Raman Effect [57]. The intensity of 3LO Raman mode is
decreasing with fluencies of Sm3þ ions in CeO2 NPs from x¼ 0.02 to
0.08 and its peak is shifted near at ~1175 cm�1 for x¼ 0.10 doping
concentration, which is assigned for 2LO mode. The intensity of
Raman peaks near ~548-558 cm�1 and ~593-600 cm�1 is increasing
with Sm3þ ions concentration from x¼ 0.02 to 0.06, which in-
dicates that both extrinsic and intrinsic oxygen vacancies are
increased with fluency of Sm3þ ions, while for further doping flu-
encies (x¼ 0.08 and 0.10) the intensity of these peaks is decreased
(shown in Fig. 9(b)). This behavior can be explained as, due to the
incorporation of Sm3þ ions, which substitutes Ce4þ ions by creating
Ce3þ ions in the CeO2 lattice, release the oxygen ions for main-
taining the electroneutrality of the lattice system.

The particle size of Ce1�xSmxO2 NPs samples can also be calcu-
lated from Raman spectra using following equation:

G �cm�1
�
¼ 10þ

�
124:7
D

	
nm (15)

where G (cm�1) is FWHM of Raman active (F2g) mode and D is
particle size of Ce1�xSmxO2 NPs samples measured from TEM im-
ages [58,59]. The calculated particle size from Raman spectra is in
good agreement with the particle size calculated by XRD spectra

and TEM images (as shown in Table 2). The quantitative estimation
of the overall concentration of oxygen vacancies (intrinsic and
extrinsic) is also calculated by the peak area of the oxygen vacancies
AOv

, AðOvÞ1, AðOvÞ2and AF2g bands, which are corresponding to
598.5 cm�1, ~548-558 cm�1, ~593-600 cm�1 and for the F2g band,
respectively. The calculated values of Ce1�xSmxO2 NPs samples are
tabulated in Table 3 and shown in Fig. 10. The relative peak area
ratios are calculated by fitting the Lorentzian function for the cor-
responding oxygen vacancies mode and F2g mode [AOv

.
AF2g

and
ðAðOvÞ1 þ AðOvÞ2Þ=AF2g for pure CeO2 and Ce1�xSmxO2 NPs samples
for all doping (x¼ 0.02, 0.04, 0.06, 0.08 and 0.10), respectively],
which reflect the relative oxygen vacancy concentration. It can be
seen from Table 3 the relative peak area ratio is increased for
Ce1�xSmxO2 samples from x¼ 0.00 to 0.08 and then decrease at
x¼ 0.10 doping concentration, hence we can conclude that with
increasing Sm3þ ions fluency in the CeO2, oxygen vacancies are
gradually increased but at higher fluency (x¼ 0.10) they are found
to decrease.

4. Conclusion

CeO2 nanocrystalline samples of size 5e8 nm with different
doping concentration (x¼ 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) of
Sm3þ ions are successfully synthesized by co-precipitation route of
chemical synthesis, having fcc structure without having any im-
purity phases present in the lattice as confirmed by X-ray diffrac-
tion results. The crystallinity of Ce1�xSmxO2 samples is found to be
increased after incorporation of Sm3þ ions in the lattice up to a
certain doping level after that it is found to be decreased. Further, it
is also observed that the value of tensile strain is increasing, which
is related to the promotion of oxygen vacancies due to incorpora-
tion of larger ionic radii Sm3þ ions, which leads to increase in the
lattice parameter and expansion of the CeO2 lattice, which also
promoted the Ce3þ ions as well as oxygen vacancies with lattice
expansion. We have also calculated the dislocation density, which
also reveal the disordering in the CeO2 lattice system after doping of
Sm3þ ions. As per our analysis of TEM images of Ce1�xSmxO2
samples the spherical-size crystalline nanoparticles in the size
range of 5e8 nm are obtained, it is also confirmed that nano-
particles get agglomerated as the concentration of Sm3þ ions is
increased in CeO2 NPs, finally leads to the crystal growth in
Ce1�xSmxO2 samples. HRTEM images are also revealed that there is

Fig. 10. Relative peak area ratio for bands of oxygen vacancies and F2g mode for
Ce1�xSmxO2 (x¼ 0.00, 0.02, 0.04, 0.06, 0.08 and 0.10) nanoparticles.
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no significance change in the interplanar distance (d) for (111)
plane of x¼ 0.00, 0.04, 0.06 and 0.08 doping concentrations while
for x¼ 0.02 and 0.10, it was changed and some dislocation can also
be seen for x¼ 0.10 Sm-doped CeO2 sample. SAED patterns indi-
cated that nanosized particles are formed with low crystallinity,
which is confirmed by the broadness of diffraction rings. Further
from our UVeViseNIR spectrum, mainly originated from defect
state existing extensively between the Ce 4f band and O 2p band,
we can say that with the Sm doping in the CeO2 NPs lattice, above
the Mott critical density, the increased number of free electron
concentration lead to fill Ce 4f level partially, which in turn blocks
the lowest states available for occupancy and led to increase the
band gap. Hence up to the Mott critical density, the band gap is
found to decrease and above this, it starts to increase. Raman
spectra are also shown to the formation of cubic fluorite structure
of pure CeO2 and Sm-doped CeO2 samples without any impurity
phases. Raman results are also further clarifying the presence of
oxygen vacancies for pure CeO2 NPs, which is found to increase
with increasing doping of Sm3þ ions (both intrinsic and extrinsic
oxygen vacancies) but for further higher doping concentrations, it is
found to decrease. Finally, in this manuscript we are able to show
controlled band gap, size, grain morphology, controlled extrinsic
and intrinsic oxygen vacancies with the rare earth cation Sm-
doping in the CeO2 lattice. The size and Sm-doping controlled
morphologies, microstructure, and optical properties of CeO2

nanoparticles can make these nanoparticles suitable alternatives
for various applications like luminescent materials, oxygen trans-
portation, catalysts, ultraviolet fuel cells, corrosion prevention etc.
Further control on the density and nature of the oxygen vacancies
can be used to provide a means to tailor the reactivity of ceria
catalyst.
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Abstract
The present study reports the effect of Fe-doping on the structural, optical, magnetic and electronic properties of polycrystal-
line  CeO2 (for 5 and 10% doping concentration of Fe-cation) samples synthesized by low-temperature solid-state reaction 
method. Rietveld refinement of the X-ray diffraction patterns establishes fluorite-type face-centred cubic structure of the 
Fe-doped  CeO2 samples and also confirms successful incorporation of Fe ions in the  CeO2 lattice. The UV–Vis–NIR absorp-
tion spectra displays reduce band gap energy with rising fluency of Fe-ions, which confirm red shifts in the Fe-doped  CeO2 
samples. The electronic structure of the pure  CeO2 and Fe-doped  CeO2 polycrystalline samples have been investigated by 
X-ray photoemission spectroscopy (XPS). The XPS spectra of Ce 3d reveals the reduction of  Ce4+ to  Ce3+ states Fe-doped 
 CeO2 samples, which are well supported by the Fe 2p and O 1s spectra. Pure polycrystalline  CeO2 displays diamagnetic 
behaviour at room temperature. Interestingly, 5% Fe-doped  CeO2 sample displays S-shape hysteresis loop and establishes 
room temperature ferromagnetism, whereas, 10% Fe-doped  CeO2 sample shows weak ferromagnetic behaviour. A decre-
ment is observed in the magnetization on increasing the doping concentration. The possible reason for ferromagnetism in 
the Fe-doped  CeO2 samples may be incorporation of oxygen vacancies, which are further discussed using F-centre exchange 
mechanism and double exchange interaction. These experimental findings offer potential opportunities for spintronics and 
optoelectronics applications by integrating them into device structures and evaluating their performance as a function of 
their material properties.

1 Introduction

Intense research investigations on the ferromagnetism in 
dilute magnetic semiconductors (DMS) are being pursued 
due to their potential applications in the field of spintron-
ics, magneto-optoelectronic devices and magnetic sensors 
[1, 2]. Basically, DMS are non-magnetic semiconductors 

but can display room temperature ferromagnetism (RTFM) 
when doped with small percentages of magnetic elements 
such as transition metals (TM). These metals can be eas-
ily integrated with existing semiconductors, making semi-
conducting materials highly spin polarised. Therefore, TM 
doped DMS materials are considered as promising materials 
for spintronics applications due to theoretically predicated 
high Curie temperature  (Tc) [3]. Some studies have been 
focused on RTFM in thin film and nanocrystalline samples 
of DMS materials, such as ZnO [4–7],  TiO2 [8, 9],  SnO2 
[2],  In2O3 [10], CuO [11] and  CeO2 [12] doped with TM. 
In these studies, it was reported that ferromagnetism arises 
due to the presence of oxygen vacancies on the surface or on 
the interface of the samples which is generated by surface 
defects or cluster formation. Among these systems,  CeO2 
has received special attention due to its applications in vari-
ous industrial fields such as solid oxide fuel cells, catalysis, 
ceramic materials and oxygen sensors [13, 14].

The nature of magnetism shown by  CeO2 is quite differ-
ent for different forms of material synthesis. Such as,  CeO2 
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nanoparticles show paramagnetism at ambient temperatures 
[15], but bulk  CeO2 exhibits diamagnetic behaviour [16]. 
Besides this, TM and rare earth (RE) doped  CeO2 shows 
ferromagnetic behaviour at room temperature. Dimri et al 
[15] have reported RTFM in the RE (Nd, Sm, Gd, Tb, Er 
and Dy) doped  CeO2 bulk samples, which is associated to 
the oxygen vacancies created by the RE dopants. Brito et al. 
[17] have reported weak ferromagnetism caused by the for-
mation of oxygen vacancies, in 0.5 and 1% Fe-doped  CeO2 
nanoparticles. However, the origin of RTFM for thin film 
and  CeO2 nanoparticles is explained on the basis of F-centre 
exchange mechanism (FCE) but it is still a matter of con-
troversy. Almeida et al. [18] have reported that  Ce1−xFexO2 
nanocrystals (0 < x < 0.05) samples showed weak RTFM 
with increasing Fe-content, which can be associated with the 
formation of the magnetic cluster. As recently, Rakhmatul-
lin et al. [19] have reported RTFM in nanocrystalline  CeO2, 
which may be caused by the defects on the surface of the 
nanoparticles, is explained by the charge-transfer mechanism 
supported by electron paramagnetic resonance study, rather 
than FCE mechanism. Since, the cause of magnetism in pure 
and doped  CeO2 samples is either from magnetically ordered 
spin of 3d dopants or the defects at the surface [20]. How-
ever, limited reports are available so far, which are supported 
the FCE mechanism and double exchange interaction for 
explaining the origin of RTFM in Fe-doped polycrystalline 
 CeO2 sample [21–23]. Therefore, in this present scenario, a 
systematic study is required to be undertaken on the  CeO2 
samples doped with Fe-ions to better understand the reason 
behind RTFM in these samples.

In this article, we have synthesized Ce1−xFexO2 (for 
x = 0.00, 0.05 and 0.10) samples using low-temperature 
solid-state reaction method. Investigations on the struc-
tural, optical, magnetic and electronic structure proper-
ties have been carried out using X-ray diffraction (XRD), 
UV–Vis–NIR optical absorption spectroscopy, DC mag-
netization using vibrating sample magnetometer (VSM) 
and X-ray photoelectron spectroscopy (XPS) measurements.

2  Experimental details

Polycrystalline Ce1−xFexO2 (for x = 0.00, 0.05 and 0.10) 
samples were prepared using the conventional low-temper-
ature solid-state reaction route. In the solid-state diffusion 
process, the stoichiometric proportions of cerium oxide 
and iron powders (purity better than 4N, purchased from 
Sigma Aldrich) were mixed thoroughly using an agate 
pestle and mortar and then calcinated for 15 h at 500 °C 
in a microprocessor controlled furnace. The obtained 
polycrystalline precursors were crushed to a fine powder 
form and then were pressed into Pellets using a hydraulic 
pressure of nearly 6 tons and then sintered at 500 °C in 

Ar atmosphere. The phase purity and crystalline structure 
of the samples were determined using XRD and for data 
analysis, the Rietveld profile refinements of the XRD pat-
terns were carried out using the FULLPROF Program. The 
XPS spectra were recorded on an ultrahigh vacuum based 
Omicron Multiprobe Surface analysis System (Germany, 
Gmbh) operating at a base pressure of 5 × 10−11 Torr. 
Mg Kα radiation source (with the energy of 1253.6 eV) 
was used for data acquisition of various core levels. An 
OMICRON EA125 hemispherical analyzer equipped with 
a 7 channeltron parallel detection unit was used to col-
lect the XPS spectra. The calibration of binding energy in 
photoemission spectra was done referring to standard Au 
 4f7/2 emission line with the energy resolution of ~0.9 eV 
FWHM on Au  4f7/2 with the pass energy of 20 eV during 
the measurement. Magnetization measurements were car-
ried out on Lake Shore make VSM. Optical absorption 
spectra were recorded on a Perkin-Elmer Lambda make 
(Model: 750) UV–Vis–NIR spectrophotometer with pre-
aligned Tungsten, Halogen, and Deuterium sources.

3  Results and discussion

3.1  XRD analysis

Figure 1 presents the indexed powder XRD patterns of 
Ce1−xFexO2 (for x = 0.00, 0.05 and 0.10) polycrystalline 
samples. All the observed nine Bragg peaks in the XRD 
patterns corresponding to the fluorite-type face-centred 
cubic structure of  CeO2 are assigned to the Miller indices 
(111), (200), (220), (311), (222), (400), (331), (420) and 
(422). Absence of any un-indexed peaks corresponding to 
secondary phase related to Fe-based impurities such as FeO, 
 Fe2O3, or  Fe3O4 in Fe-doped  CeO2 samples confirms the 
single phase formation of Ce1−xFexO2 (for x = 0.05 and 0.10) 
samples [24]. However, the changes in the intensity peaks 
of  CeO2 have been clearly observed with Fe-doping. The 
larger intensity peak has been observed for 5% Fe-doped 
 CeO2, while the intensity peak decreases for 10% Fe-doped 
 CeO2 sample. The decreasing intensity peak indicates that 
Ce ions are transferred to the interstitial sites due to the sub-
stitution of  Fe2+ or  Fe3+ ions at  Ce4+ sites and which are also 
responsible for decreasing the atomic concentration in these 
planes. To get a clear enhanced view and shifting of peaks, 
we have plotted the diffraction pattern in a limited 2θ range 
in the vicinity of the most intense Bragg reflection (111) 
(see Fig. 1). This plot establishes that increase in Fe-doping 
(from 5 to 10%) leads to shifting the Bragg peaks towards 
the higher angle side. These observations further confirm 
the good incorporation of Fe ions in the  CeO2 matrix and 
decrease in the unit cell volume as shown in Table 1.

Author's personal copy
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3.1.1  Rietveld profile refinement

The Rietveld refinement of the of the XRD patterns of poly-
crystalline samples of Ce1−xFexO2 (for x = 0.00, 0.05 and 
0.10) are carried out in the space group of Fm3m, in which 
Ce atoms are located at 4a position, surrounded by eight 
oxygen (located at 8b) positions. The best fitted XRD pat-
terns shows good agreement between the experimental rela-
tive intensities and simulated intensities for all the samples, 
as presented in Fig. 2.

The data analysis further confirms that the observed 
Bragg reflections are consistent with the fluorite-type face-
centered cubic structure of  CeO2 and rules out the pres-
ence of any impurity crystalline or amorphous phases. The 

analysis reveals that Fe doping in  CeO2 does not affect the 
cubic fluorite structure of the  CeO2, which further confirms 
the formation of a single phase in Ce1−xFexO2 (for x = 0.05 
and 0.10) lattice. The best fitted values of the lattice param-
eter, unit cell volume and agreement factors like: Rp, Rwp, 
Rexp, RBragg, and χ2 are given in Table 1. The results show 
that the lattice parameter of the powder samples changes 
with Fe concentration (x). The reported cubic lattice param-
eter (a) for bulk  CeO2 is 5.411 Å [25] and, the obtained lat-
tice parameters for our Fe-doped  CeO2 samples are found 
to be slightly smaller than the reported value for pure bulk 
 CeO2 (see Table 1).

It can be observed that the value of lattice parameter is 
slightly decreasing with increasing Fe-content in  CeO2. These 

Fig. 1  XRD spectra for pure  CeO2, 5 and 10% Fe-doped polycrystalline  CeO2 samples

Table 1  Rietveld profile 
refinement results Ce1−xFexO2 
(for x = 0.00, 0.05 and 0.10) 
polycrystalline samples in the 
space group of Fm3m 

Sample Ce1−xFexO2 Lattice parameter
a (Å)

Unit cell volume
V (Å3)

Rp Rwp Rexp χ2 RBragg

Pure  CeO2 5.4025(7) 157.66(3) 2.78 3.56 2.98 1.43 4.35
Ce0.95Fe0.05O2 5.4053(7) 157.92(3) 4.15 5.40 3.56 2.30 6.32
Ce0.90Fe0.1O2 5.4044(6) 157.85 (3) 3.80 4.91 3.36 2.13 6.38

Author's personal copy



 Journal of Materials Science: Materials in Electronics

1 3

slight changes are possible due to the replacement of the larger 
radii  Ce4+ ions (0.92 Å) by a smaller radii  Fe2+ ions (0.78 Å) 
or  Fe3+ (0.65 Å) ions in the crystal lattice [1]. Moreover, it is 
also observed that fluency of Fe-ions in  CeO2 leads to decrease 
in the unit cell volume. However, the change in the lattice 
parameter with the fluency of Fe content can also be related 
to the formation of defects such as oxygen vacancies on lat-
tice sites, which are being further discussed in details with our 
XPS analysis.

3.2  X‑ray photoemission spectroscopy (XPS)

3.2.1  XPS spectra in Ce 3d region

XPS measurements are used to analyze the chemical com-
position and valence state of Ce 3d, Fe 2p and O 1s in the 
Ce1−xFexO2 (for x = 0.00, 0.05 and 0.10) polycrystalline 
samples. Ce 3d region in XPS spectra is used to determine 
the core level electronic nature of the samples as well as the 
chemical state of the Ce element. The Ce 3d XPS spectra for 
pure  CeO2 and Ce1−xFexO2 (for x = 0.05 and 0.10) polycrys-
talline samples with six distinct peaks are shown in Fig. 3.

Fig. 2  Rietveld refined and fitted XRD patterns of a pure  CeO2, b 5% 
Fe-doped  CeO2 and c 10% Fe-doped  CeO2 polycrystalline samples 
at 300 K. Observed (calculated) profiles are shown by dotted (solid) 

lines. The short vertical marks represent Bragg reflections. The lower 
curve is the difference plot
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In pure  CeO2 total ten Gaussian peaks fittings have been 
reported by the researchers [26] and hence we have also fit-
ted ten distinct Gaussian peaks in Ce 3d XPS spectra for our 
pure  CeO2, Ce0.95Fe0.05O2 and Ce0.90Fe0.10O2 polycrystalline 
samples. These multiple peaks are reported to be arisen from 
the occupancy of Ce 4f levels in final states [27].

The sets of peaks are labelled as u and v corresponding 
to the spin–orbit doublets of Ce 3d3∕2 and Ce 3d5∕2 core 
holes energy to 898.9 and 880.5 eV (for pure  CeO2), 899.3 
and 880.8 eV (for Ce0.95Fe0.05O2 ), 898.9 and 880.5 eV (for 
Ce0.90Fe0.10O2 ), respectively. In case of Ce(IV) oxide, the 
spin–orbit splitting energy for peaks u and v for pure  CeO2, 
Ce0.95Fe0.05O2 and Ce0.90Fe0.10O2 samples is about 18.4, 18.5 
and 18.4 eV [28], respectively. Whereas, in case of Ce(III) 
oxide, Ce 3d spectra have been reported to consist of two 
pairs of doublets, labeled as uo, vo, u′ and v′ [29]. The bind-
ing energies of all peaks are shown in Table 2 as obtained 
from XPS spectra. The concentrations of both oxidation 
states  Ce3+ and  Ce4+ in Ce1−xFexO2 (for x = 0.00, 0.05 and 
0.10) polycrystalline samples are obtained using the follow-
ing expression as reported in Ref. [30],

(1)% Ce3+ =
ACe3+

ACe3+ + ACe4+
× 100%

w h e r e  ACe3+ = v
o
+ v

� + u
o
+ u

�  a n d 
ACe4+ = v + v

�� + v
��� + u + u

�� + u
��� are the sum of the 

integrated intensity of the Gaussian peaks of various final 
states.

The characteristics peak denoted by uo (vo) and u′ (v′) 
are reported as the two final states of  Ce3+ ions contain-
ing Ce  (3d9  4f2) O  2p5 and Ce  (3d9  4f1) O  2p6 respectively, 
whereas those marked by u (v), u″ (v″) and u‴ (v‴) are also 
reported as the three final states of  Ce4+ ions containing Ce 
 (3d9  4f2) O  2p4, Ce  (3d9  4f1) O  2p5, and Ce  (3d9  4f0) O  2p6 
respectively [31]. The peak denoted by u‴ associated to 
the Ce 3d3∕2 is the fingerprint of  Ce4+ state in all samples 
[28]. So from the details mentioned above, we can say that 
all the samples have both  Ce3+ and  Ce4+ oxidation states 
for Ce-ions. The calculated  Ce3+/Ce4+ ratios of the samples 
are shown in Table 2, which shows that concentration of 
 Ce3+ states are gradually increasing whereas  Ce4+ states are 
decreasing for Ce0.95Fe0.05O2 sample. However, the results 
so obtained for Ce0.90Fe0.10O2 sample are not following the 
same fashion. These results indicate that both  Ce3+ and  Ce4+ 

(2)%Ce4+ =
ACe4+

ACe3+ + ACe4+
× 100%

Fig. 3  Ce 3d XPS spectra for pure  CeO2, 5 and 10% Fe-doped  CeO2 polycrystalline samples
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states are present in the samples but the percentage of 3+ 
and 4+ states are being altered with the fluency of Fe-ions 
in the Fe-doped  CeO2 samples. This variation indicates that 
there is a transition between  Ce4+ to  Ce3+ states, which may 
be due to the substitution of  Ce4+ ions by  Fe3+ ions.

In addition, the integrated ratio  Ce3+/Ce4+ increased for 
Ce0.95Fe0.05O2 , which may indicate the formation of oxy-
gen vacancies at the lattice site to maintain the charge neu-
trality when  Ce4+ states changes to  Ce3+ states [32]. The 
formation of oxygen vacancies plays an important role in 
the development of RTFM in the Ce0.95Fe0.05O2 sample. 
Moreover, the integrated ratio  Ce3+/Ce4+ for Ce0.90Fe0.10O2 
is found to decrease, which may indicate that  Ce3+ states 
change to  Ce4+ states in the sample, which further repre-
sents the decrease in oxygen vacancies on the lattice site of 
the Ce0.90Fe0.10O2 sample. Therefore, the RTFM is found to 
decrease in the Ce0.90Fe0.10O2 samples, as discussed in the 
magnetic properties section. The effect of oxygen vacancies 
on the Ce1−xFexO2 (for x = 0.00, 0.05 and 0.10) polycrystal-
line samples is further discussed in O 1s XPS spectra in the 
next section.

3.2.2  O 1s XPS spectra

The O 1s spectra for Ce1−xFexO2 (for x = 0.00, 0.05 and 0.10) 
polycrystalline samples are shown in Fig. 4. The XPS spec-
tra of O 1s region are used to reveal the information about 
the absorbed oxygen, lattice oxygen, oxygen vacancies and 
surface hydroxyl group  (OH−) [33, 34].

In Fig.  4, all the O 1s spectra show asymmetric 
peaks, which are further fitted with two Gaussian peaks, 
labelled as  I1 and  I2 for pure  CeO2, Ce0.95Fe0.05O2 and 
Ce0.90Fe0.10O2 samples. The peak  (I1) at lower binding 
energy ~528.6–528.8 eV may be assigned to  O2− ions in 
the cubic structure associated with the lattice oxygen, 
whereas the peak  (I2) at higher binding energy ~530.9 eV 
may be attributed to the  O2− ions in the oxygen-deficient 
region [31, 35]. It can be seen from Fig. 4, peak  (I1) shift 
slightly towards higher binding energy (up to ~0.2 eV) for 
Ce0.95Fe0.05O2 sample, whereas no peak shifting is observed 
for Ce0.90Fe0.10O2 sample. The contribution of peak  I1 and 
 I2 in O 1s spectra is shown in Table 3, which indicates that 
due to the incorporation of Fe-ions on the Ce site, the lattice 
oxygen is decreased while oxygen vacancies are increased 
in Ce0.95Fe0.05O2sample as concluded from Ce 3d spectra 
analysis. This indicates that smaller size  Fe3+ ion replaces 
the bigger size  Ce4+ ion and for maintaining the charge 
neutrality  Ce4+ ions are reduced to  Ce3+ ions, which may 
be accompanied by the formation of the oxygen vacan-
cies in Ce0.95Fe0.05O2 sample. This could also be attributed 
from the spectra that the peak v′ shows an increase in the 
concentration of  Ce3+ ions while peak u‴ highlight decre-
ment in the concentration of  Ce4+ ions in the Ce 3d spectra Ta
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[32]. However, for Ce0.90Fe0.10O2 sample the lattice oxygen 
is increasing, while the oxygen vacancies are decreasing, 
which indicates the reduction of  Ce3+ ions to  Ce4+ ions.

Apart from this, while increasing the doping concentra-
tion the electrostatic repulsion between Fe–Fe ions increases 
which in turn increases the interaction between Fe and ligand 
oxygen. Due to this,  O2− ions again occupy their position 

and oxygen vacancy gets suppressed. Moreover, the area 
ratio of the peak AI2

/AI1
 is also representing the formation of 

oxygen vacancies in Ce0.95Fe0.05O2 sample and decrement of 
oxygen vacancies in Ce0.90Fe0.10O2 sample. The calculated 
values are shown in Table 3.

Besides this, the existence of  Fe3+ or  Fe2+ state in 
Ce0.90Fe0.10O2 sample may also affect the suppression of 
oxygen vacancies, which is further discussed in Fe 2p XPS 
spectra.

3.2.3  Fe 2p XPS spectra

The Fe 2p XPS spectra for Fe-doped polycrystalline  CeO2 
samples are shown in Fig. 5.

Fe 2p XPS spectra shows Fe 2p3∕2,1∕2core levels at bind-
ing energies 709.5 and 723.1 eV for Ce0.95Fe0.05O2 sample. 
The position of binding energies is showing a clear evi-
dence of  Fe3+ oxidation states for Ce0.95Fe0.05O2 sample 

Fig. 4  O 1s XPS spectra for pure  CeO2, 5% Fe-doped  CeO2 and 10% Fe-doped  CeO2 samples

Table 3  The area ratio of the peak AI2
/AI1

 of O 1s XPS spectra for the 
entire samples

Sample Peak position
Binding energy (eV)

AI2
/AI1

I1 I2

Pure  CeO2 528.6 530.9 0.47
Ce0.95Fe0.05O2 528.6 530.9 0.55
Ce0.90Fe0.1O2 528.8 530.9 0.39
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[31, 36, 37]. While as the Fe contents are further increased 
in Ce0.90Fe0.10O2 sample, core level Fe 2p3∕2,1∕2 spectra are 
shifted towards the lower binding energy side at 704.4 and 
717.4 eV, respectively, which may be due to decrement in 
 Fe3+ states. This decrease in  Fe3+ states may be related to the 
difference in the energy separation of Fe 2p3∕2 and Fe 2p1∕2 
peaks, which are 13.55 and 13.05 eV, for Ce0.95Fe0.05O2 
andCe0.90Fe0.10O2 samples, respectively. This difference in 
the binding energy of the core level peaks is attributed to the 
changing electro-negativity of the ligands. As the electro-
negativity of the ligand decreases, the electron density sur-
rounding the Fe ion increases, which establishes that nucleus 
is more shielded. Therefore, less energy is required to pro-
mote Fe 3d electron to the unfilled Fe 4s orbital [38]. Due to 
this reason,  Fe3+ states change in  Fe2+ states. The existence 
of  Fe3+ states plays an important role in the ferromagnetic 
interaction of our Ce0.95Fe0.05O2and Ce0.90Fe0.10O2 samples.

3.3  Magnetic behaviour

3.3.1  Field dependent dc magnetization measurements

Figure 6, shows the field dependence of magnetization 
(M–H curve) for pure  CeO2 and Ce1−xFexO2 (for x = 0.05 
and 0.10) polycrystalline samples. It can be seen that pure 
polycrystalline  CeO2 sample exhibit a diamagnetic behav-
iour with  4f0 electronic configuration of  Ce4+ ions, which 
has been previously reported for the bulk samples of  CeO2, 
 Al2O3, ZnO,  In2O3, and  SnO2 [16]. However, 5% Fe-doping 
in  CeO2 results in an appreciable enhancement in the mag-
netization. The observed S-shaped hysteresis loop in this 
sample clearly, indicating towards dominated ferromagnetic 

states in this 5% Fe-doped sample. Thus the magnetic behav-
iour of the pure bulk  CeO2 to 5% Fe-doped  CeO2 samples 
has changed from diamagnetic to ferromagnetic. Surpris-
ingly, when Fe concentration is increased from 5 to 10% the 
ferromagnetic ordering seems to be suppressed.

However, M-H curves in these two Fe doped samples do 
not get saturated up to the maximum applied magnetic field, 
which is an indication of high magnetocrystalline anisotropy 
in these samples. These observations are suggestive of weak 
ferromagnetic ordering in these two Fe doped samples and 
also in case of 10% Fe-doped  CeO2 paramagnetic behaviour 
can be seen to be dominating over the ferromagnetic order-
ing. Previously it has been reported by Sharma et al. [22], 
that the magnetization of the Fe-doped bulk  CeO2 samples 
(at 300 K) is changed with different concentration (1, 3 and 
5%) of Fe contents.

3.4  Optical behaviour

3.4.1  UV–Vis–NIR absorption measurements

Figure 7a shows the UV–Vis–NIR absorption spectra for 
pure  CeO2 and Ce1−xFexO2 (for x = 0.05 and 0.10) polycrys-
talline samples. Below 400 nm the maximum absorption can 
be observed for pure  CeO2, 5 and 10% Fe-doped polycrystal-
line  CeO2, which may arise due to charge-transfer transition 
from  O2− (2p) (valence band) and 4f, 5d states of  Ce4+ (4f) 
energy levels in  CeO2, indicating that  Ce4+ overlaps with 
 4f15d1 states of  Ce3+ ion, which is popularly known as f–f 
spin–orbit splitting of Ce 4f states [39, 40].

Fig. 5  Fe 2p XPS spectra for 5% Fe-doped  CeO2 and 10% Fe-doped  CeO2 samples
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The direct band gap  (Eg) is determined by extrapolating 
the curve (αhν)2 versus hν to zero absorption (Tauc’s plot), 
which has been shown in Fig. 6b, which is given as [41],

where α = Absorption coefficient (which can be calculated 
by α = 2.303A/d and α is replaced by k/s.), h = Planck’s con-
stant, ν = frequency of incidence light,  Eg = optical band gap 
of material and m = factor affecting the direct or indirect 
transition of electrons from the valance band to conduction 
band (m can have values 1/2, 3/2, 2 and 3 depending up on 

(3)αhν = A (hν − Eg)
m

the mode of inter band transition i.e. direct allowed, direct 
forbidden, indirect allowed and indirect forbidden transition, 
respectively).

The refractive index of Fe-doped  CeO2 samples is calcu-
lated using the following formula [42] and shown in Table 4:

(4)n2 − 1

n2 + 2
= 1 −

√

Eg

20

Fig. 6  Magnetization (M) ver-
sus magnetic field (H) hysteresis 
curve for a pure  CeO2, 5 and 
10% Fe-doped  CeO2 samples

Fig. 7  UV–Vis–NIR absorption spectra of a 5 and 10% Fe-doped  CeO2 and b Tauc’s Plot of (αhν)2 versus photon energy (hν)
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where n is the refractive index of the material and  Eg is the 
optical band gap energy. From the calculations, it is clear 
that the refractive index increases with increasing Fe con-
tents in  CeO2 samples, which indicates that structure of the 
Fe-doped samples becomes denser as appears from the vol-
ume reduction with Fe doping from our XRD analysis also.

The calculated value of band gap energy  (Eg) by Tauc’s 
plot for pure  CeO2 and Ce1−xFexO2 (for x = 0.05 and 0.10) 
polycrystalline samples shows a shifting towards the lower 
energy side i.e. red shift, which is shifted about ~0.03 eV for 
10% Fe-doped sample in comparison to 5% Fe-doped  CeO2 
sample. This red shift in the band gap energy  (Eg) of pure  CeO2 
and Ce1−xFexO2 (for x = 0.05 and 0.10) polycrystalline samples 
may be attributed to the surface and interface effects. Due to 
the incorporation of the Fe-ions,  Fe2+ or  Fe3+ ions occupy the 
Ce-sites. For maintaining the charge neutrality, some lattice 
defects such as oxygen vacancies are introduced on the Ce 
site in the Fe-doped samples. These defects are considered 
to play an important role in establishing the ferromagnetism 
in the Fe-doped  CeO2 samples. From Fig. 7a an observable 
increase in the absorbance with increasing Fe contents can 
be easily seen. This increase in absorbance is attributed to the 
lattice disorder and defect induced structure in the sample lat-
tice. However, further increases in doping of Fe ions for 10% 
Fe-doped  CeO2 sample decreases the band gap energy  (Eg) as 
shown in Table 4, which may be attributed to the formation of 
trap levels between the conduction and valence band of  CeO2. 
These levels are originated from the oxygen vacancy defect 
states and electronic states of  Fe3+ ions [43].

3.5  Discussion

Generally, the ferromagnetic behaviour in the TM doped 
 CeO2 samples can be attributed to the formation of oxy-
gen vacancies as observed in  CeO2 doped with Co [44], Ni 
[45], Cr [46] and Zn [47]. In these studies, the ferromag-
netic behaviour is reported to be associated with the FCE 
mechanism, in which the oxygen vacancies traps an electron 
to form F-centre between the TM dopant ions. Since, bulk 
 CeO2 is an insulator oxide with  Ce4+ in the  4f0 configu-
ration, which induces anti-ferromagnetic ordering due to 
super-exchange coupling [23]. But when  CeO2 is doped with 

divalent or trivalent ions  (Fe2+ or  Fe3+), oxygen vacancies 
are formed to maintain the charge neutrality to support the 
magnetic behaviour.

In the present study, XRD and XPS results are in sup-
port to confirm the formation of oxygen vacancy due to the 
incorporation of  Fe3+ ions on the Ce site. It is well known 
that  CeO2 can be used as the storage medium and oxygen 
vacancies can easily be formed in Fe-doped bulk  CeO2 dur-
ing the grinding or annealing process as reported experi-
mentally [22]. Now, during the incorporation of Fe ions in 
the bulk  CeO2 sample, oxygen vacancies are formed near the 
Fe ions, which may contribute to the ferromagnetic ordering 
in Ce0.95Fe0.05O2 sample. This ferromagnetic behaviour in 
Ce0.95Fe0.05O2 sample may be explained on account of FCE 
coupling between oxygen vacancy and Fe ions.

Our XRD and XPS results clearly show the evidence of 
substitution of  Fe3+ ions on Ce sites and Ce ions in 3+ oxi-
dation states (with  4f1 configuration) may be attributed to the 
oxygen vacancy formation. This  4f1 configuration produces 
exchange interaction between the spin of  Ce3+ ion and oxy-
gen vacancy at the surface, forming a direct ferromagnetic 
coupling between Ce ions like Ce3+ − ∇ − Ce3+ , where ∇ 
denotes oxygen vacancy. Due to incorporation of  Fe3+ (with 
 3d5 configuration) ions with low-spin states, which have only 
unoccupied minority spin orbitals with spin-up (↑) state, are 
trapped with electrons in oxygen vacancy with spin down (↓) 
state. According to the Pauli Exclusion Principle and Hund’s 
rule, the oxygen vacancy may be coupled between the two 
neighbouring  Fe3+ ions like Fe3+ − ∇ − Fe3+ . This FCE 
coupling forms bound magnetic polarons (BMP’s), which 
are reported to overlap neighbouring BMP’s and produce a 
long-range ferromagnetic coupling in Ce0.95Fe0.05O2 sample 
[23], as shown in Fig. 8.

Table 4  Values of the estimated band-gap energy and refractive index 
from absorption spectra

Sample Band gap energy Eg (eV) Refrac-
tive index 
(n)

CeO2 3.10 2.20
Ce0.95Fe0.05O2 3.07 2.37
Ce0.90Fe0.10O2 3.04 2.38

Fig. 8  F-centre exchange interaction for Ce
0.95

Fe
0.05

O
2
 sample [48]
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This ferromagnetic coupling between  Fe3+ ions and oxy-
gen vacancy may be attributed to originate the ferromag-
netism in the Ce0.95Fe0.05O2 sample. But this ferromagnetic 
ordering may get destroyed with further increase in the dop-
ing of Fe ions and decreases in Ce0.90Fe0.10O2 sample, which 
can be clearly seen from the M–H curve.

Now, the double exchange interaction may be proposed 
for explaining the decrement of the ferromagnetic contri-
bution in Ce0.90Fe0.10O2 sample [23, 49, 50]. It has been 
already confirmed by Fe 2p XPS spectra that  Fe3+ states 
are converted into the  Fe2+ state with increasing the doping 
concentration of Fe-ions in Ce0.90Fe0.10O2 sample. Since, 
 Fe3+ ion has five electrons in d-subshell, whose spins are 
parallel to one another as dictated by Hund’s rule, whereas, 
 Fe2+ ion has an additional spin down electron occupying 
d-subshell. The electron transport between  Fe2+ and  Fe3+ 
ions occur via oxygen ion (such as Fe2+ − O2− − Fe3+ ) is 
known as the double exchange interaction. In this interac-
tion the extra electron at the  Fe2+ site can hop into the  Fe3+ 
site only those spins are parallel to each other. This process 
cause delocalization of this extra electron hence increases 
its bandwidth and minimizes the kinetic energy [49]. Thus, 
this interaction tends to couple the ions ferromagnetically 
but cannot produce long-range magnetic order because of 
the less concentration of  Fe3+ ions in the structure, which 
may cause the suppression of the magnetic properties of 
Ce0.90Fe0.10O2 sample. The mechanism is shown in Fig. 9.

Therefore, to some extent, the presences of  Fe2+ on  Ce4+ 
sites obviate the formation of oxygen vacancies and its asso-
ciated ferromagnetism. Due to this reason, the ferromag-
netism in the system decreases with further doping of Fe 
ion in the lattice. This similar behaviour is also reported 
for Co [51] and Ni-doped  CeO2 [52] samples, in which the 
ferromagnetic behaviour occurs up to certain concentration 

and the further increase in doping concentration gradually 
decreases the ferromagnetism in the  CeO2 sample.

4  Conclusions

Single phase polycrystalline samples of pure  CeO2, 5 and 
10% Fe doped  CeO2 have been successfully synthesized 
using low-temperature solid-state reaction route and well 
characterized using XRD and XPS measurements. From the 
Rietveld refinement of the XRD patterns, we have estab-
lished a fluorite-type face-centred cubic structure for pure 
 CeO2 and both Fe-doped  CeO2 samples, which further con-
firm successful incorporation of Fe ions in the  CeO2 matrix. 
The unit cell volume and other parameters obtained through 
the Rietveld refinement also show a decrement in the value 
of cubic lattice parameter, which further supports the incor-
poration of smaller size Fe ions for larger Ce ions in the 
host lattice of  CeO2. Our UV–Vis–NIR optical absorption 
studies on Fe doped  CeO2 samples displays a red shift in 
the UV–Vis–NIR absorption spectra, which is accounted 
for a decrease in the band gap energy and the corresponding 
increase in the refractive index. The pure  CeO2 sample dis-
plays diamagnetic behaviour at room temperature, whereas, 
10% Fe-doped sample shows weak ferromagnetic behaviour 
coupled with paramagnetic behaviour. Interestingly the 5% 
Fe sample display RTFM. The XPS measurements have 
confirmed presence and transformation of  Fe3+ to  Fe2+ and 
 Ce4+ to  Ce3+ chemical states. Therefore, to some extent, 
the presences of  Fe3+ at  Ce4+ sites may be attributed to the 
formation of oxygen vacancies and trigger ferromagnetism. 
The FCE coupling forms BMP’s to produce a long-range fer-
romagnetic coupling between  Fe3+ ions and oxygen vacancy 
may also be attributed for the observed ferromagnetism in 
the Ce0.95Fe0.05O2 and Ce0.90Fe0.10O2 sample.
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a b s t r a c t

This work reports the magnetic and electronic characterization of plane magnetized buried Heusler
Co2FeAl nano thin films of different thickness by X-ray absorption spectroscopy (XAS) and X-ray mag-
netic circular dichroism (XMCD) measurements. . The spectra on both Fe- and Co L2,3 edges show a
pronounced magnetic dichroic signal in remanence, corresponding to a ferromagnetically-aligned mo-
ments on Fe and Co atoms conditioning the peculiar characteristics of the Co2FeAl Heusler compound (a
half-metallic ferromagnet). The detailed knowledge of the related magnetic and electronic properties of
these samples over a wide range of thickness of films are indispensable for achieving a higher tunnel
magnetoresistance ratio, and thus for spintronics device applications.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

New magnetic materials, magnetic semiconductor and half
metallic (HM) ferromagnets have been developed by researchers
throughout the world so the spintronics devices can exhibit full
potential. Out of them, the HM ferromagnets attract the interest of
research community as these are the ideal candidates for spin-
tronics due to their exceptional electronic structure [1]. The ver-
satile magnetism of Heusler compounds have been attracted
interest for more than 100 years with the invention of the ternary
metallic compound Cu2MnAl by A. Heusler in 1903 [2]. Recently Co-
based Heusler alloy thin films have been achieved a great interest
as electrodes for magnetic tunnel junctions (MTJ's) [3,4] and as low
damping magnetic materials for RF applications [5].

Half-metallic ferromagnetism (HMF) was given by de Groot
et al. [6] on the basis of band structure calculation in NiMnSb and
PtMnSb, which are termed as half-metals i.e. semi Heusler alloy.
Due to ferromagnetic decoupling, these materials have unequal

density of states (DOS) of spin up and spin down states at Fermi
level (EF) and behave like metals for one electron spin direction and
like semiconductor for other spin direction. The spin polarization at
EF for half metallic ferromagnets is 100% which maximizes the ef-
ficiency of spintronic devices [7].

Heusler alloys are ternary intermetallic compounds, which are
classified as full Heusler alloys X2YZ and half Heusler alloys XYZ. At
the stoichiometric composition, X2YZ and XYZ have L21 and C1b
structure, where X and Y are transition 3d-elements like Co, Fe, Ni,
Mn, Cr, Ti, V etc and Z is an element of group III, IV or V like Al, Si, Ge,
Sb, Ga, As, Sn etc. [8]. The X and Y elements are magnetic but Z is a
non-magnetic element. The unit cell have four interpenetrating fcc
sub lattices with atoms at A(0,0,0) and C(1/2.1/2.1/2) for X, B(1/4.1/
4.1/4) for Y and D(3/4.3/4.3/4) for Z atom, which gives L21 crystal
structure for full compounds, in which X1 and X2 sub lattices are
fully occupied, but in half compounds the (1/2.1/2.1/2) site is empty.
In full Heusler alloys, the four sub lattices A, B, C, and D are occupied
by X, Y, X, and Z atoms, respectively [9]. But in reality, this fully
ordered state is difficult to be attained, so different degree of sites
get disordered for atoms on X, Y and Z sites. C1b structure presents
vacancies in lattice site, while in L21 structure these vacancies are
occupied by X atoms. The B2 structure presents (Y, Z) site disorder,* Corresponding author.
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while A2 structure presents totally (X, Y, Z) site disorder compar-
atively to the perfectly ordered L21 structure [8]. The cobalt-based
Heusler compounds, crystallizing in the L21 structure, show some
of the highest Curie temperature (1100 K), high magnetic moment
(5e6 mB /f.u.) and complete spin polarization (100% at Fermi level)
described as half-metallic ferromagnetism (HMF's). Shan et al. have
found that Co-based quaternary full-Heusler compound
Co2FeAl0.5Si0.5 behaves like a half metal at room temperature (RT)
[10] with 100% spin polarized at Fermi level, and, recently, it has
been shown that this material is a magnetic tunnel junctions
(MTJ's) with 832% tunnelling magnetoresistance (TMR) at 2 K and
386% at RT [11]. Among Co-based full-Heusler alloys, Co2FeAl (CFA)
is a good material because it shows giant tunnelling magnetore-
sistance up to 330% [12] and it has low damping [13] which is an
important parameter because it is related to the material's dynamic
time of response, and thereby, fundamental for high speed device
applications [14]. Heusler alloys have attractive magnetic proper-
ties due to diversemagnetic phenomena like itinerant and localized
magnetism, antiferromagnetism, heavy-fermions behaviour, heli-
magnetism and Pauli paramagnetism [15e18].

Recent investigations have been revealed that most of the
Heusler alloys (not Co based) have either small magnetic moment
or even no magnetic moment at all, even though both X and Y el-
ements are ferromagnetic [19,20]. On the other hand, a number of
antiferromagnetic compounds also exist, like Ni2MnAl or Pd2MnAl
[21,22]. Some Heusler compounds with large magnetic moment on
both X and Y-sites also exist. For such compounds the ferromag-
netic Curie temperature (TC) becomes high, and the ferromagnetic
states are very stable. For example, the highest TC values have been
found for Co2MnSi and Co2FeSi are 958 K [23] and 1100 K [24]
respectively, which show a magnetic moment of Co about 1 mB.
Experimental results show that for Cu2MnAl the total magnetic
moment of 3.58 mB/f.u. is distributed at Cu (0.07 mB), Mn (3.49 mB), Al
(� 0.05 mB) [25]. But if the X-constituent is Co, its magnetic moment
is larger, e.g. in Co2MnSi the total magnetic moment per f.u. is
distributed at Co (1.02 mB), Mn (2.92 mB), Si (� 0.07 mB), for Co2FeAl,
it is distributed at Co (1.12 mB), Fe (2.71 mB), and Al (� 0.10 mB) [26]. If
a non-magnetic element is at X-site, the exchange interaction be-
tween the Y spins becomes weaker super-exchange type due to
hybridization, which is mediated by the electrons of the non-
magnetic Z atoms. Depending on the valence of Z, the magnetic
interaction can have either sign [27].

X-ray magnetic circular dichroism (XMCD) is the difference
between the absorption of light due to a reversal of the light po-
larization or magnetisation. XMCD spectroscopy is used to inves-
tigate the magnetic properties such as orbital and spin
contributions to the magnetic moment on specific shell and
element. In the case of 3d systems, 2p1/2,3/2 /3d transitions (L2,3-
edges) give direct information on the 3d band responsible for
magnetism. The application of the sum rules allows the determi-
nation of spin, orbital moments and their anisotropies. Very sche-
matically, if IL2 and IL3 are the dichroic intensities involving
electronic excitation from the 2p1/2 and 2p3/2 sub-levels, respec-
tively, the combination of (IL2 þ IL3 ) will account for orbital polari-
zation only, and (IL2 � IL3 ) will give a direct measure of spin
polarization [28].

In this paper, we focus on the electrical and magnetic transport
properties of Co2FeAl nano thin film on MgO (001) substrates of
different thickness of 5 nm, 10 nm, 20 nm, and 30 nm at room
temperature (RT).

2. Experimental

The Heusler Co2FeAl nano-thin films of different thickness of
5 nm, 10 nm, 20 nm, and 30 nm were deposited on MgO (001)

single crystal substrates at room temperature (RT) using the ultra-
high vacuum magnetron sputtering system with base pressure of
below 8 � 10�8 Pa. The as-deposited CFA filmwas composited with
stoichiometric Co2.20Fe1.00Al0.91 through inductively coupled
plasma analysis (ICP). After CFA film deposition, an in-suit post-
deposition annealing at 480 �C were carried out for getting highly
B2-ordered structure [29]. Finally, to prevent oxidation of the film,
the capping of 2 nm thick MgO was deposited. The structural
characterization of all CFA film has been performed by ex-situ XRD-
spectra with Cu Ka radiation, and measurements has been per-
formed with out-of-plane (2q/q scan) and in-plane (2qc/f scan)
diffraction. The magnetic properties have been investigated using
VSM at room temperature (RT). Themagnetic field has been applied
in-plane along the [100] and [110] crystallographic orientation of
30 nm thickness of CFA film. The magnetic hysteresis loop of all CFA
film showed thickness dependant behaviour. For further details
regarding XRD and magnetic hysteresis loop of all CFA film please
refer to the paper by X.Wang et al. [29].

XAS and XMCDmeasurements were performed on these films at
the BACH beamline of the IOM-CNR at Elettra Synchrotron in
Trieste, Italy, on Fe-L2,3 and Co-L2,3 edges in total electron yield
mode (TEY), collecting the drain current on the samples with an
energy resolution of 0.3 eV. The samples were magnetized at RT,
prior to the XAS/XMCDmeasurements, along the [001] direction by
means of a permanentmagnet (~0.5 T) brought in close proximity to
the sample. The measurements were then acquired in remanence
with the light propagation direction along the [001] direction.

3. Result & discussion

3.1. XAS results

3.1.1. Co L2,3 edge
Fig. 1 shows the XAS and XMCD spectra on Co-L2,3 edge for 5, 10,

20 and 30 nm thick Co2FeAl thin filmswith right and left incident x-
ray circular polarization. The right-polarized XAS spectra (mþ) are
shownwith the L3maximumnormalized to 1 and the left-polarized
(m�) spectra rescaled accordingly. XMCD spectra were normalized
to the corresponding isotropic XAS spectra. These absorption peaks,
corresponding to the Co-L2 and L3 edges show the transition from
2p1/2/3d and 2p3/2/3d with the main peaks at 794.2 eV and
778.8 eV respectively. The dichroic spectrum has same feature on L2
and L3 edge at 794.2 eV and 778.7 eV respectively. In particular,
XAS-spectra at L3-edge, shows a small feature at 778.8 eV [30]. This
small feature is better visible in the XAS spectra acquired with right
light polarization at thicknesses �20 nm, but it is no longer visible
for thickness above 30 nm, which is larger than the XAS probe
depth at this energy [31]. It is likely associated to oxidization of Co
at the interface region with MgO, but surface oxidation cannot be
excluded. The oxidized interface presents an isotropic signal of XAS
spectrum in the form of CoOx, and in the remanence XMCD signal
any ferromagnetic contribution of CoOx is excluded and multiple
structures are no longer visible [32,33]. Inspite of that, another
shoulder at higher energy side (~4 eV) from the main Co-L3 peak at
782.7 eV is likely associated with magnetic and atomic ordering of
Co2FeAl thin film at MgO barrier interface [34,35], which has been
previously reported by Saito et al. for Co2MnSi (50 nm) [36]. This
shoulder gradually becomes prominent with increasing the thick-
ness of the film, which may be attributed to the characteristic peak
of full-Heusler alloy, refers as “Heusler Peak” with L21 structure
[37], and it has been commonly observed for both bulk and thin
films [38e40].

3.1.2. Fe L2,3 edge
XAS and XMCD signals for thicknesses 5, 10, 20 and 30 nm
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Co2FeAl thin films are reported in Fig. 2, showing different Fe-L2,3
edge profiles. As in the case of Co, the L3 maximum of right-
polarized XAS spectra were normalized to 1 and the left-
polarized ones were rescaled accordingly. The XMCD signals were
normalized to the corresponding isotropic XAS spectra.

Fig. 2 shows that there is a clear contribution of two components
at the L3 edge around 708 and 709 eV for 5 nm, 10 nm, and 20 nm
thin films, while a single peak is observed for 30 nm thick sample.
The isotropic peak at L3 edge around 709.5 eV is associated to a
partial Fe oxidation at the interface with MgO or at the surface [31].
The remanence XMCD signal does not show multiple features in
any of these samples due to the absence of ferromagnetic contri-
bution of FeOx. Thus, the 30 nm shows a good crystallographic
order of Co2FeAl thin film and no traces of surface oxidation.

3.2. XMCD results

FromXMCDwe also found a clear ferromagnetic signal at Co-L2,3
edge and the data clearly show that Fe and Co are ferromagnetically
aligned in all samples. It has been reported that Co2FeAl films
grown on MgO display a soft ferromagnetic behaviour. The mag-
netic properties are affected by the different film structure, and it is
has been found that annealing temperature and thickness of the
film strongly change the Curie temperature and magnetic moment
of the film [41]. The spin and orbital magnetic moments of both Fe
and Co-L2,3 edges have been calculated for the 30 nm-thick Co2FeAl
film from XMCD data by applying the sum rules. The numbers of 3d
holes for Fe and Co have been considered as nd ¼ 3.29 and 7.51

respectively, which are directly taken from the SPR-KKR density of
band calculation, reported elsewhere [42] and neglecting the
magnetic dipole term. Calculated values of orbital (mL), spin (mS)
and total magnetic moment (mLþ mS) of Fe and Co at L2,3 edges for
30 nm thick film of the sample at room temperature are reported in
Table 1.

The orbital moment (mL) of Fe-atom (0.070 mB/atom) is large in
comparison to Co-atom (0.042 mB/atom). Our XMCD spectra show a
clear dichroic signal at Fe-L2,3 edge and the correspondingmagnetic
moment is 2.77 mB/atom. In particular, the value calculated for
30 nm thick film is very well consistent with the theoretically
calculated value for Fe-atom in Co2FeAl thin film of 2.71 mB/atom
[43]. Magnetic moment of Co and Fe are directly related to the spin
polarization at Fermi level. Since spin polarization is reduced due to
atomic disordering, this can reduce themagnetic moment of Co and
Fe-atom. A recent study of epitaxial Co2FeAl (CFA) films on MgO
(001) with different thickness 5, 10, 20, 30, 50 and 80 nm shows a
high ordered B2 structure with an in-plane uniaxial magnetic
anisotropy [29]. This type of disordered phase was also observed in
Co2MnAl film [44]. Our XMCD data indicate a parallel alignment of
Fe spins, which means that no atomic disorder has been observed
in our 30 nm sample. Both the present XMCD data and theoretical
analysis of density of state (DOS) shows that there is also sub-
stantial magnetic moment located on the Co-site. This moment
arises from the two unoccupied bands in the minority conduction
band, i.e. the double degenerated Co-states. The presence of Al
decreases the localized magnetic moment on both Co and Fe-sites,
which are due to the empty majority bands. The important fact is

Fig. 1. X-ray absorption spectra (XAS) and dichroic spectra (XMCD) on Co-L2,3 edges for 5, 10, 20 and 30 nm thick Co2FeAl thin film.
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that Fe atom does not contribute much to the magnetic moment of
Al-atom because there is a weak bonding interaction between Fe
and Al, due to small electro-negativity of Al. The magnetic moment
of Al is negative and it is not large as �0.10 mB/f.u [45]. XMCD also
show a clear ferromagnetically aligned moment at the Co site. The
clear dichroic signals on both Fe and Co-sites indicate a parallel spin
alignment. Generally, it is found that mL/mS are quite large in these
compounds [46,47], but in our 30 nm sample mL/mS ratio for Fe-
atom is small.

Magnetic moment of Co and Fe is directly related to the spin
polarization at Fermi level. Since spin polarization is reduced due to
atomic disordering, the magnetic moment on both Co and Fe-sites
can be also reduced. Our XMCD spectra shows parallel alignment of
Co and Fe-moments, but also parallel alignment of Fe spins which
increases the spin moment on Fe-site. The theoretically predicted
magneticmoment for Co-based Co2FeAl thin filmwith L21 structure
is 3.8 mB/f.u., but some other calculation has been reported different
values for the magnetic moment as 4.89 mB/f.u. [45], 4.9 mB/f.u. [48]
and 5.0 mB/f.u [49]. On the other hand, the bulk samples have
smaller magnetic moment than the calculated value [50,51]. In our
30 nm sample, considering the calculated value for the moment at

the Al site (e0.10 mB/f.u.), the total magnetic moment of the Co2FeAl
film has been experimentally evaluated to be 4.254 mB/f.u.

4. Conclusion

The electronic and magnetic properties of epitaxial Heuslar
Co2FeAl alloy thin films of different thickness have been investi-
gated using XAS and XMCD measurements. In the Fe and Co-L2,3
XAS spectra contributions from FeOx and CoOx are present in
thinner films. These signals are likely coming from the interfaces
with MgO, but they should not contribute to the ferromagnetic
signal which is probed by the present XMCD in remanence. On the
XAS signal of Fe, the presence of a shoulder at 709.9 eV shows
hybridization in the bond between Fe and Al. Our XMCD spectra
show that there is a parallel alignment of Fe spins, which means
that no atomic disordering exists in our sample. Due to this reason
the total magnetic moment of Fe at L2,3 edges increases with the
thickness of the Co2FeAl thin film. FromXMCDwe also found a clear
ferromagnetic signal at Co site and the data clearly show that Fe and
Co are ferromagnetically aligned for all films.

Fig. 2. X-ray absorption spectra (XAS) and dichroic spectra (XMCD) on Fe-L2,3 edge for 5, 10 and 30 nm thick Co2FeAl thin film.

Table 1
Orbital, Spin and total magnetic moments of Fe and Co atom for 30 nm thick Co2FeAl thin film at room temperature (RT).

Thickness of film Sum rules on Fe L2,3 edges

Orbital moment (mL) (mB/atom) Spin moment (mS) (mB/atom) (mL/mS) (mLþmS) (mB/atom)

Fe 30 nm 0.070 2.70 0.03 2.77
Co 30 nm 0.042 0.75 0.056 0.792
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Abstract. In this research wok systematic investigation on the synthesis, characterization, optical and magnetic 
properties of Ce1-xGdxO2 (where x=0.02, 0.04, 0.06, and 0.10) synthesized using the Solid-state method. Structural, 
Optical and Magnetic properties of the samples were investigated by X-ray diffraction (XRD), UV-VIS-NIR 
spectroscopy and VSM. Fluorite structure is confirmed from the XRD measurement on Gd doped CeO2 samples. 
Magnetic studies showed that the Gd doped polycrystalline samples display room temperature ferromagnetism and 
the ferromagnetic ordering strengthens with the Gd concentration. 
Keywords: Gd-CeO2 polycrystalline, RTFM, SQUID, Structural and Optical properties.. 
PACS:  85.75.-d, 75.50.Pp, 61.43.Dq, 78.20.-e

INTRODUCTION 

Dilute magnetic semiconductors (DMSs) have 
attracted wide research attention due to their potential 
application in Spintronics and microelectronics [1]. 
Research interests were triggered by reports of robust 
enhancement in their magnetization at 300K upon their 
hydrogenation [2]. Defects, especially, the oxygen 
vacancies and their link to ferromagnetism, have been 
focus of recent research in magnetic semiconductors. It 
is proposed that oxygen vacancies form donor 
impurity band that assist in establishing exchange 
coupling in ZnO, TiO2, SnO2 etc[3]. Besides these 
semiconductors, some dielectrics/insulators like CeO2 

are also found to show the room temperature 
ferromagnetism (RTFM) [4]. However, the exchange 
mechanism in them is expected to be different than 
that in the magnetic semiconductors. Many studies on 
transition metal doped CeO2 have been reported. 
Tiwari et al. [5] showed that the Co-doped CeO2 
displays room temperature ferromagnetism with high 
magnetic moment (8.2µB/Co) and Curie temperature 
(725 K).  

In this research paper, we have carried out a 
systematic study of the Gd doped CeO2 polycrystalline 
samples prepared by solid-state reaction method with 
the help of XRD, UV-VIS-NIR Spectroscopy, and 
VSM techniques. 

 

EXPERIMENTAL DETAILS 

Polycrystalline samples in the series Ce1-xGdxO2 
(where x = 0.02, 0.04, 0.06 and 0.10) were prepared 
using the solid-state reaction route. In solid-state 
reaction route of preparation, the powders were 
calcinated for 15 hours at 500 oC in a microprocessor 
controlled furnace to obtain the polycrystalline 
precursors. Then the powder were pressed into Pellets 
(12 mm diameter and 1 mm thickness) using a 
hydraulic pressure of nearly 5 tons and then sintered at 
900 oC in Ar atmosphere. 

The phase purity and crystalline structure of the 
samples were determined by powder X-ray diffraction. 
Rietveld profile refinements of the XRD patterns were 
carried out using the FULLPROF Program. Optical 
absorption spectra were studied using a Perkin-Elmer 
Lambda 750 UV-VIS-NIR spectrophotometer with 
pre-aligned Tungsten, Halogen and Deuterium sources. 
The magnetic properties were studied on a VSM. 

 
FIGURE 1. XRD Pattern of Ce1-xGd0.02O2 sample. 
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XRD Spectra of Gd doped CeO2 samples 
 

Figure 1 shows the XRD pattern of Ce1-xGdxO2 
(where x=0.02, 0.04, 0.06, and 0.10) samples, all 
diffraction peaks corresponds to CeO2 fluorite 
structure. No secondary phase was detected within the 
sensitivity of XRD. It is clear from the XRD spectra 
that all the exhibited peaks are consistent with the face 
centered cubic fluorite structure of CeO2 in the space 
group of Fm-3m, in which Ce is located at 4a position, 
surrounded by eight O (located at 8b) positions. The 
XRD patterns indicate that the cubic fluorite structure 
of the CeO2 samples is not altered by Gd substitution 
as none of the diffraction peaks corresponding to 
cluster formation of Gd and Gd2O3 type related 
impurity phases have been observed in the Gd-doped 
CeO2 samples, which further confirmed the formation 
of a single phase of Ce1-xGdxO2 and also confirmed the 
substitution of Gd at Ce sites. Rietveld profile 
refinements of all the samples have been carried out 
and the results are listed in Table 1. Gd doping at Ce-
site in CeO2 leads to monotonic enhancement in the 
lattice parameter in comparison to undoped CeO2. This 
change is possibly due to the replacement of the 
smaller Ce+4 ions (0.97 Å) by the larger Gd+3 ions 
(1.053 Å) into the crystal lattice 

 Optical properties of Gd doped CeO2 samples 

Figure 2 shows the UV-visible optical absorption 
spectra of 2, 4, 6 and 10% Gd doped bulk CeO2. The 
samples show a strong absorption below 400 nm with 
an absorbance peak in the UV range, due to charge-
transfer transition from O2- (2p) to Ce4+ (4f) orbital’s in 
CeO2, which indicate that the charge transfer transition 
of Ce4+ overlaps with the 4f1-5d1 transition of Ce3+ [6], 
it is also known as f-f spin orbit splitting of the Ce 4f 
state [7]. The band gap energies of Gd doped CeO2 
have been calculated from their absorption curves, 
using Tauc’s relation. The refractive index of bulk 
CeO2 has been calculated by using the equation (1). 
Where n is the refractive index of the material and 
EOpt. is the optical band gap. We can see that the 
calculated values of refractive index for Gd doped bulk 
Ceria is found to decrease with increasing doping 
concentration of Gd ion in Ceria. 

Form the calculated values of optical band gap it is 
clear that as the doping concentration of Gd increased 
in bulk CeO2 band gap energy is also increased. This 
indicates blue shift due to increasing the doping 
concentration. At the outermost CeO2 surface, Ce4+ ion 
coexist with Ce3+ ions. 

  

Table 1: Details of XRD data Analysis 
Samples Ce1-xGdxO2 x=0.00 x=0.02 x=0.04 x=0.06 x=0.10 

Lattice Parameter - a (Å) 5.4025(7) 5.4038(5) 5.4088(4) 5.4127(6) 5.4135(6) 
Unit Cell Volume - V(Å3) 157.66(3) 157.80 (2) 158.23(2) 158.58(3) 158.65(2) 

Rp 2.78 2.61 3.42 2.86 3.01 
Rwp 3.56 3.32 4.56 3.70 3.85 
Rexp 2.98 2.86 3.08 3.58 3.55 
χχχχ

2
 1.43 1.34 2.19 1.07 1.18 

RBragg 4.35 5.51 8.18 3.89 3.38 
 
           Table 2: The calculated optical band gap values and refractive index 

S.No. Name of the sample Optical band gap in eV Refractive index (n) 
1 Ce1-xGdxO2(x=0.02) 3.09 2.37 
2 Ce1-xGdxO2(x=0.04) 3.11 2.368 
3 Ce1-xGdxO2(x=0.06) 3.14 2.360 
4 Ce1-xGdxO2(x=0.10) 3.17 2.352 

 
 

 
FIGURE 2.  Absorption spectra of 2%, 4%, 6% and 

10% Gd doped bulk CeO2 

 
 

Magnetic Measurements 
 

The magnetization (M) of Ce1-xGdxO2 (where x=0.02, 
0.04, 0.06, and 0.10) polycrystalline samples as a 
function of magnetic field (H) measured at room 
temperature using VSM. The well defined exhibited 
hysteresis loops, readily reveal an unmistakable RTFM 
ordering in the samples. We can see that the 
magnetization of Ce1-xGdxO2 samples increases with 
Gd content. As seen from the figure 3 the doped 
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sample is the superposition of two components; one is 
paramagnetic and second is ferromagnetic.  
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FIGURE 3.  Field dependent magnetization M (H) 
measurements of Gd doped CeO2 sample. 

 
In nature, 2% Gd doped sample shows a approximate 
linear M-H behavior, which indicates that a dominant 
paramagnetic ordering is present in the sample, which 
is superimposed with ferromagnetic ordering but in the 
case of 10% Gd-doped sample, a curvature is observed 
near the origin, which indicates that a ferromagnetic 
component is superimpose over the strong 
paramagnetic background at room temperature. Bulk 
Gd is ferromagnetic with Curie temperature ~300K, 
but in our sample it has been observed that for the low 
concentration of Gd-ions could not able to enhance the 
ferromagnetism in the sample at room temperature but 
for 10% Gd-doped sample a small change in the strong 
paramagnetic to ferromagnetic behavior at RT is seen. 
Similarly Dimri et al. reported ferromagnetic behavior 
with some linear paramagnetic behavior at room 
temperature for 20% Nd and Sm doped CeO2 and 
ferromagnetism originated due to phase purity and 
oxygen vacancies which may be created due to rare 
earth doping, but 10% Gd doped CeO2 bulk sample 
could not exhibit room temperature ferromagnetism in 
their sample [8]. In our sample the RT-FM has been 
achieved as trivalent Gd ion concentration increased in 
CeO2 sample, which may be due to oxygen vacancies 
and the defect formation on cluster sites. The direct 
ferromagnetic coupling is called F-centre exchange 
(FCE) mechanism. In FCE mechanism, the magnetic 
ions and oxygen vacancy gives the ferromagnetic 
ordering. As the CeO2 can have variable valance states 
like Ce+3 or Ce+4, so it is possible that oxygen vacancy 
can create magnetic moment on neighboring Ce-ions 
of Ce+3Ce+3, where  denotes the oxygen vacancy. 
When trivalent Gd ion is doped in CeO2 sample, 
according to the FCE mechanism F centre consists of 
an electron trapped in oxygen vacancy with two Gd 

ions (i.e. Gd+3Gd+3). The electron trapped in oxygen 
vacancy occupies an orbital which overlaps the d-shell 
of neighboring Gd ions. According to the Hund’s rule 
and Pauli principle the trapped electrons spin should 
have direction parallel to two neighboring Gd ions, 
which results ferromagnetic ordering. The 
ferromagnetic ordering in our sample is associated 
with FCE coupling between Gd ions and oxygen 
vacancy. The XRD spectra of the sample shows that 
Gd+3 ion is substituted in CeO2 and Ce ion in +3 state 
(with 4f1 configuration), which can be ascribed the 
oxygen vacancy in Gd doped CeO2 sample. Therefore, 
FCE mechanism in complex structure of Gd+3Gd+3 
shows RT-FM in the sample. This F-centre exchange 
coupling between oxygen defect and Gd ions form 
BMP’s (bound magnetic ploarons), these neighboring 
BMP’s can overlap and give result in the long range 
Gd-Gd ferromagnetic coupling in doped CeO2 sample. 
      The effect of Gd doping on the crystal structure, 
optical and magnetic properties of CeO2 have been 
investigated systematically. As the concentration of Gd 
ion is increased in the sample, therefore this long range 
magnetic ordering exist in between the different states 
of Gd ions and oxygen ion. Therefore, RTFM in the 
sample may be arising due to F-centre exchange 
coupling between oxygen defect and the overlapping 
of BMP’s formed by Gd ions. 
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