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PREFACE

Nanomaterials have received tremendous attraction
in the field of research due to its high surface area to
volume ratio and unique quantum confinement nature,
which makes the system highly reactive and changes the
properties of materials. Among the different metal oxide
semiconductors, CeO2 has gained substantial interest
because of its distinct characteristics and multiple

applications.

Method of synthesis plays a major role in the
properties of nanomaterials. In order to understand the
novel properties of nanophase CeO», a better morphological
control is necessary. Chemical environment is also
important. All these can be tailored by proper synthesis
methods. Several researchers reported synthesis and
properties of ceria prepared by different routes. During this
thesis we have analyzed in detail the room temperature
precipitation method for cerium oxide nanoparticle
synthesis because of its relatively low cost, good
reproducibility, simple mode of operation and ease of mass

production. Calcination process also has remarkable



importance in the synthesis of nanoceria. More attention
has been paid towards the changes in the structural,
optical and electrical properties of nanoceria due to

calcinations.

Most of the studies reported in the literature for other
materials prove that the electron beam irradiation is an
efficient method to improve the structural, optical and
electrical performance of nanomaterials. However, no
studies have been reported on the effect of electron beam
irradiation on the properties of CeO2 nanoparticles.Hence,
we put a special emphasis on the dose dependent effect of
electron beam irradiation on the properties of cerium oxide

nanoparticles.

Literature report shows that, till date, no studies
have been reported on the structural, optical and electrical
properties of CeOz/CoPc and CeO2/SnPc nanocomposites.
Hence, more extensive and systematic studies are required
to explore the properties of CeO2 nanoparticles and CeOo
based phthalocyanine nanocomposites. Details about the
synthesis of CeO2/CoPc and CeO2/SnPc nanocomposites by

solvent evaporation method and the results of the



structural and functional characterization are also

incorporated in this thesis.

The works presented in this thesis are focused on the
study of synthesis and characterization of CeO2
nanoparticles, CeO2/CoPc and CeO2/SnPc nanocomposites.
The effect of electron beam irradiation on the properties of
nanoceria is also investigated. The proposed thesis entitled
“SYNTHESIS AND CHARACTERIZATION OF CERIUM
OXIDE NANOPARTICLES AND THEIR COMPOSITES”

consists of seven chapters.

Chapter 1 presents a general introduction on
nanomaterials and cerium oxide nanoparticles. A brief
survey of the investigations on cerium oxide nanoparticles
and objectives of the present work are delineated in this
chapter. In Chapter 2, synthesis methods adopted for the
fabrication of CeO2, CeO2/CoPc and CeO:/SnPc, and
characterization techniques used for their studies are

described.

Chapter 3 presents the properties of cerium oxide

nanoparticles synthesized by chemical precipitation



method. The effect of calcination temperature on the
structural, electrical and optical properties of cerium oxide
nanoparticles is also discussed in the chapter. In Chapter
4, dose dependent effect of 8 MeV electron beam irradiation
on the structural, optical and electrical properties of

nanoceria is discussed.

Chapter 5 and 6 present the synthesis and
characterization of CeO2/CoPc and CeO2/SnPc nano
composites respectively. The effect of CoPc and SnPc on
the structural, electrical and optical properties of cerium
oxide is also detailed. The summary of the major findings
along with a brief report of the future prospects is

presented in chapter 7.

The work presented in this thesis has either been
published in or communicated to national/international

journals or conference proceedings.
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INTRODUCTION

1.1 Nanoscience and nanotechnology

Nanoscience and nanotechnology have received tremendous
scientific attention because of the novel physiochemical properties of
nanophase materials. Nanoscience is an emerging and enabling field
which involves the feasibility of creating nanomaterials with high
reactivity and size (shape) dependent properties. The impact of
nanotechnology in human life is greatly appreciated. Synthesis of
nanoparticles with a better control over its size and shape,
characterization of their properties and analysis of these data along with
the theoretical explanations are necessary for understanding the
nanoscale phenomena of materials. The potential of nanotechnology can
contribute more advancement in various fields including electronics,
material science, medicine, biotechnology, environment and information

technology.

Nanomaterials have been defined by the European Commission as
"a natural, incidental or manufactured material containing particles, in an
unbound state or as an aggregate or as an agglomerate and where, for

50% or more of the particles in the number size distribution, one or more
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external dimensions is in the size range 1-100nm" (European
Commission, 2011/696/EU). The nanoparticles have large surface area
to volume ratio due to their small size, which results in higher reactivity

and unique surface properties.

The structural, thermal, optical, electrical, mechanical and
magnetic properties of a material are modified in this state of matter and
are superior to its bulk form. In addition to high aspect ratio, quantum

confinement is also responsible for these modifications.

1.2 Cerium oxide nanoparticles

Metal oxides play a very important role in diverse areas of
chemistry, physics and material science [1,2]. Oxide nanoparticles can
exhibit unique physical and chemical properties due to their small size
and a high density of corner or edge surface atoms. Cerium oxide is a
requisite material in this category due to its multiple applications in the
areas of catalysis, electrochemistry, photochemistry and material science.
Nanophase cerium oxide (nanoceria) is a very interesting material
because of its ability to buffer electrons from an oxidant or reducing

environment due to the unfilled 4f electronic structure.

Cerium is a lanthanide series rare earth element. Elemental cerium
was first discovered from a mineral named “cerite” by Jons Jakob

Berzelius and Wilhelm Hisinger in Sweden [3]. Elemental cerium is an
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iron-gray, ductile and malleable metal [4]. Cerium can exist either in the
free metal or oxide form, and can cycle between the cerous-cerium
(Ce3+) and ceric-cerium (Ce4+) oxidation states [5]. This property
provides several technological uses. The most stable oxide of cerium is
cerium dioxide, CeO,, also called ceria or ceric oxide. Ceria is a
nontoxic, inorganic and n-type semiconductor with wide band gap. Bulk
CeO, has a cubic fluorite structure with lattice constant of 0.5411 nm at
300 K [6]. In the fluorite structure each cerium site is surrounded by 8
oxygen sites in FCC arrangement and each oxygen site has a tetrahedron
cerium site. Crystal structure of cerium oxide is presented in Fig.1.1.
Ceria has only one crystallographic form throughout the range of
temperatures. This material has a strong tendency to remain in the
fluorite structured lattice even after losing considerable amount of
oxygen, thus stabilizing a structure with an elevated number of oxygen
vacancies [7]. Experimental and theoretical studies indicate that CeO, is
described as an ionocovalent compound or covalent insulator. Some
important crystallographic properties of cerium oxide are presented in

Table 1.1.

Synthesis and characterization of cerium oxide nanoparticles and their composites 3




Chapter-1

Q _o
»©®

C ¢
(a) (b)

(c)

Fig.1.1 Crystal structure of cerium oxide: (a and b) eight-fold coordinated
cerium atoms (yellow) with four-fold coordinated oxygen atoms (red) in

ceria crystals, (c) the primitive unit cell [8]

Tablel.1 Properties of cerium oxide [8-11]

Crystal system
Appearance
Space group
Density (g/cm3)
Melting point

Dielectric constant ( room temperature)

Optical band gap (eV)

Cubic ( fluorite)
Pale yellow solid
Fm3m, #225
7.21g/cm’
2400°C

52

3.19eV

Comparing with bulk cerium oxide, nanoceria consists of large

number of oxygen vacancy defects, which will improve the performance

of the material. Because of its ability to alter its oxidation state, cerium

oxide creates oxygen vacancies or surface defects by loss of either

4 Synthesis and characterization of cerium oxide nanoparticles and their composites
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electron or oxygen [12,13]. Oxygen atoms in CeO, have good mobility
and are ready to leave the ceria lattice fast, and produce a large number
of non-stoichiometric oxides with CeO, and Ce,O;. The amazing
properties of nanoceria include UV absorbing ability [14], high thermal
stability [15], facile electrical conductivity and diffusivity [16], high
hardness, specific chemical reactivity [17], large oxygen storage capacity
with ability to store and transport oxygen [18], high refractive index, and
expedient mutation of the oxidation state of cerium between Ce(IIl) and
Ce(IV) [5]. These properties make nanoceria a promising candidate in
glass polishing materials [19], UV-blockers and filters [20-22],
automotive exhaust promoter [23,24], as a coating for corrosion
protection for metals and alloys [25,26], as an additive in glass to protect
light-sensitive material [27], as an oxidation catalyst [28], as an oxygen
ion conductor in solid oxide fuel cells [29], electrolyzers [30], oxygen
pumps and amperometric monitors [31], an effective high temperature
oxidation resistant coating [32], sunscreens [33], solid electrolytes [34],
additives in ceramics [35], abrasive of the chemical mechanical
planarization (CMP) slurry in semiconductor fabrication [36], selective
hydrogenation  catalysis of unsaturated compounds [37,38],
photocatalytic oxidation of water [39], as an anode material for lithium
ion battery system [40], buffer layers with silicon wafer [41], gates for
metal-oxide semiconductor device [42], solar cells [43], low-temperature

water gas shift catalyst [44], free-radical scavenger [45], removal of soot

Synthesis and characterization of cerium oxide nanoparticles and their composites s
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from diesel engine exhaust [46], removal of organics from wastewater
[47], water splitting for the generation of hydrogen gas [48], photo-
degradation of toluene in the gas phase [ 49], photocatalytic behavior
under sunlight irradiation to degrade dyes [50,51], protective of primary
cells from the detrimental effects of radiation therapy [52], neuro-
protection to spinal cord neurons and prevention of retinal degeneration
induced by intercellular peroxide [53], potent antioxidant in cell culture

model [54] and gas sensor [55].

A wide range of synthesis methods have been reported for the
preparation of cerium oxide nanoparticles. Based on the method of
preparation and the oxidation state of cerium in the precursor salt, the
amount of O vacancies and the presence of Ce’* in a ceria nanoparticle
can change. Since Ce’* is larger than Ce** (atomic sizes 1.14 and 0.97 A,
respectively), the presence of O vacancies increase the size of the unit
cell and distort it. In addition to this, structural imperfections and surface
defects present in the ceria nanoparticles introduce strain in the lattice.
These O vacancies and defects present in ceria nanoparticles can lead to
special electronic properties, introducing electronic states within the
band gap of the oxide. Ceria particles with diameters of less than 10 nm
have a substantially higher electronic conductivity than bulk ceria.
Nanoceria shows very strong absorption in the UV region and emission

in the blue region of the visible spectrum. The methods of synthesis,
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properties, and applications of CeO, and CeO, based materials have been
covered in a number of excellent reviews and extensive studies have
been conducted on this topic. A brief survey of some of the important
studies related to nanoceria, ceria based nanocomposite and effect of
electron beam (EB) irradiation on the properties of nanomaterials are

presented below.

1.3 Literature survey
1.3.1 Synthesis of CeO, nanoparticles

In recent years, significant advancements have been achieved in
synthesis methods and characterization techniques of nanomaterials.
Numerous methods have been adopted to prepare pure nanoceria and
ceria based nanocomposites, based on both top-down and bottom-up
methods, including laser processing and milling [56], chemical vapour
deposition [57], coprecipitation [58], sol-gel methods [59], spray
pyrolysis [60], microemulsion methods [61], hydrothermal synthesis
[62], thermal hydrolysis [63], flux method [64], solvothermal method
[65], sonochemical method [66], reverse micellar synthesis [67],
precipitation [68, 69], thermal decomposition [70], oxidant precipitation
[71], electrodeposition [72], microwave technique [73], combustion
synthesis [74], gas condensation method [75], mechano-chemical method
[76], composite hydroxide method [77], wet chemical synthesis, polymer

method [79], electrochemical method [80], low temperature

Synthesis and characterization of cerium oxide nanoparticles and their composites 7
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decomposition method [81], polyol method [82] and freeze drying [83].
Among these methods, the precipitation technique has attracted extensive
attention, because it is comparatively simple, scalable and inexpensive
[84]. This method involves simultaneous occurrence of nucleation,
growth, coarsening and agglomeration processes, which will
dramatically affect the size, morphology and properties of the product
[85]. In addition to this, type of cerium source has a great effect on the

morphology of the final product.

Literature reports show that inorganic cerium salt such as,
Ce(NOs3);3, CeCls, (NH4),Ce(NO3)¢ can be used as cerium precursors for
the synthesis of nanoceria [86-90]. It is reported that cerium source from
nitrate is most favourable for the formation of uniformly sized cerium
oxide nanoparticles [91-95]. It can be seen that the concentration of
precursors, reaction temperature, pH and the rate of addition of
precipitating agent are the main factors influencing the particle size and
morphology of ceria nanoparticles [95]. Djuricic and Pickering
synthesized nanocrystalline powders of cerium oxide from cerium(III)
nitrate solution through a two-stage precipitation process which yielded
weakly-agglomerated powders with a crystallite size smaller than 5 nm.
Hydrogen peroxide was added to cerium nitrate at 5°C to slowly oxidize

Ce** to Ce* [96].

8 Synthesis and characterization of cerium oxide nanoparticles and their composites
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1.3.2 Properties of CeO, nanoparticles

In nanoceria, decrease of particle size leads to the production of
more oxygen vacancies [97]. Hailstone and his team observed a
systematic lattice expansion in ceria when its particle size is decreased to
nanoscale. A large fraction of cerium atoms occupy the fully reduced
state in ultra-small-sized (1.1 nm) ceria nanoparticle, even though the
ceria nanoparticles retain a cubic-shaped lattice [98]. The lattice
expansion in nanoceria is due to the increased concentration of point

defects with decreasing particle size [99].

Kamruddin et al have studied the structural properties of
nanoceria. They found that nanoceria exhibit stable fluorite structure
[100]. Deshpande et al established the correlation between the particle
size and the lattice parameters in nanoceria. The variation in lattice
parameters is attributed to the lattice strain induced by the introduction of
Ce’" due to the formation of oxygen vacancies [101]. Feng Zhang has
suggested that the larger lattice parameter in nanocrystalline ceria results
in a higher ionic conductivity and more efficient fuel cells [102]. The
systematic increase in lattice parameter with decrease in particle size
provides specific control of the surface oxygen spacing [102, 103].
Anwar Ali et al (2017) reported the synthesis and properties of CeO,

nanoparticles by thermal treatment [104].

Synthesis and characterization of cerium oxide nanoparticles and their composites 9
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The effect of calcination temperature on the growth of CeO,
nanoparticles synthesized by different techniques were reported in the
literature [94,105-111]. Neto and Schmal confirmed that increase in
calcination temperature leads to an increase in the concentration of Ce*
species, which results in enhancement of oxygen vacancies [112]. Chen
et al studied the effects of reaction temperature and atmosphere on the
properties of CeO, particles [113]. Sujana et al have reported the
characterization of nanoceria particles synthesized by surfactant-

mediated precipitation technique [114].

Tao et al have reported that the intensity of PL emission increased
sharply when the morphology of ceria changed from nanoparticles to
nanowires [115]. Yang et al reported that CeO, nanocubes exhibit
excellent reducibility and high oxygen storage capacity [116]. Zhaoxia et
al have synthesized a series of cerium oxide nanorods and nanowires
with precisely controlled lengths and aspect ratios [117]. Chunwen Sun
et al observed that the UV-visible absorption spectrum and
photoluminescence spectrum of the CeO,nanorods synthesized by
solvothermal route have unusual red-shift and enhanced light emission
[118].

The Raman active modes of ceria are attributed to a symmetrical
stretching mode of the Ce-O8 vibrational unit, and therefore, they are

very sensitive to any disorder in the oxygen sub-lattice [119]. The first

10 Synthesis and characterization of cerium oxide nanoparticles and their composites
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order Raman line at around 465 cm™ corresponds to the triply degenerate
Raman active optical phonon mode (F,) [10,120]. Decreased phonon
lifetime with smaller grain size is the main reason for the broadening

effect in Raman spectra [121-123].

In nanomaterial, reduction in particle size will affect optical
absorption and emission properties in a superior manner. The
calculations of quantum size effect establish that there are no significant
variations in the chemical composition of metal oxide as a result of
particle size reduction [124]. According to Bensalem et al, the spacing of
the electronic levels and the band gap energy (E,) are highly dependent
on the particle size [125]. The mechanism of absorption is a
Ce™ 0" charge-transfer optical transition. Tsunckawa et al have
observed blue shift in the ultraviolet absorption spectra in cerium oxide
nanocrystallites [126]. Reduction in particle size in ceria leads to an
enhanced optical absorption in the ultraviolet region and a blue shift in
the absorption spectra. Tsan Liu et al observed a red shift in the UV
absorption band with increase in calcination temperature [127]. The
optical band gap of nanoceria is 3.65 eV and that of CeO, calcined at
550°Cis 3.5 eV [127].

Room temperature PL emission of nanoceria is in the blue
region. The emission bands ranging from 400 to 500 nm for cerium

oxide samples are attributed to the hopping from different levels of Ce 4f

Synthesis and characterization of cerium oxide nanoparticles and their composites 11
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and O 2p band (valence band) [86,128]. Sathyamurthy er al observed
strong UV absorption and room temperature photoluminescence for
cerium oxide nanoparticles with an average particle size of 3.7 nm. The
photoluminescence peak is sensitive to the particle concentration and

shows a blue-shift upon dilution [129].

Bojana et al reported violet emission at 427 nm (excitation at
356 nm) which corresponds to 5¢' —4f transition of cerium trivalent
ion. The observed spectral blue shift revealed the presence of fine

crystallites [130].

Ansari observed quantum size effect in the absorption spectra
of CeO, films with a direct band gap of 3.23 eV. The photoluminescence
spectra of the films showed a strong band at 378 nm [131]. Maksimchuk
et al have reported the occurrence of two different luminescence centers
(viz. the charge transfer complexes formed by Ce** and O* ions and

Ce’" ions stabilized by vacancies) in cerium oxide nanoparticles [132].

Dielectric behavior of cerium oxide strongly depends on
temperature and frequency. The dielectric constant and the dielectric loss
of cerium oxide nanoparticles is found to decrease with increase in
frequency [10, 120]. When compared with microcrystalline ceria,
nanocrystalline ceria materials show enhanced electronic conductivity.

Suzuki et al observed the transition from extrinsic to intrinsic type of

12 Synthesis and characterization of cerium oxide nanoparticles and their composites
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conductivity as the grain size decreased to <100 nm, which is attributed
to a decrease in the enthalpy of oxygen vacancy formation in CeO, [12].
It has been reported that the nature of bonds present in CeO, is polarized
ionic [133].

The electronic conductivity of nanocrystalline samples is larger
than the intrinsic electronic conductivity of pure single crystalline cerium
oxide and is increasing with decrease in grain size [134]. Takenori
theoretically investigated the dielectric properties of fluorite CeO, [135].
Zhao et al suggested that the tuning properties for improved frequency
dispersion can be achieved by controlling the grain size and hence the

strain at the nanoscale dimensions [121].

1.3.3 CeO, based nanocomposite

Nanocomposites, a high performance material, exhibit unusual
property combinations and unique design possibilities [136].
Nanocomposites based on CeO, with various materials have drawn much
interest because of their magnetically induced optical and electrical
properties. Recently, the synthesis of organic—inorganic nanocomposite
materials have attracted substantial attention from various researchers
due to its potential to combine distinct physical properties of organic and

inorganic components [137].

There are several reports available on the synthesis, properties and
applications of cerium oxide based nanocomposites. Ansari et al studied

the optical and electrical properties of electrochemically deposited
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polyaniline/cerium oxide hybrid nanocomposite film onto indium-tin-
oxide (ITO) glass substrate [137]. Wang et al synthesized cerium
oxide/montmorillonite nanocomposite and studied its structural and

mechanical properties [138].

It is reported that the nanocomposites have significantly high
dielectric constant and comparatively low dielectric loss facilitating its
use as a high-k dielectric material for embedded capacitor applications
[139]. Saranyoo et al prepared Bi1VO,/CeO, nanocomposites with rod-
like, plate-like and spheroidal shapes[140]. Maria et al synthesized
Ce0O,/Y,0; nanocomposites by hydrothermal method and studied its
photocatalytic and antibacterial activities [141]. Structural and optical
properties of polyvinyl alcohol-cerium oxide nanocomposite films have
been reported by Hemalatha and Rukmani [142]. The UV-Visible
spectrum of the composite exhibits a red shift in the optical band gap with
respect to pure PVA, and both red and blue shift with respect to nano
CeO, depending on the concentration of the filler [142]. The
photoluminescence intensity of the CeO,- graphene nanocomposite is

about 30 times higher than that of pristine CeO2 crystals [143].

The organic materials such as phthalocyanine (Pc) shows high
thermal and chemical stability, nontoxicity, semiconductivity and
interesting optical properties [144]. Due to the semiconducting

properties, metal phthalocyanines (M-Pc) are promising candidates for
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photovoltaic devices, photodetectors, organic transistors, organic
electroluminescence devices and sensors [145]. Large number of works
were reported on the synthesis, properties and applications of M-Pcs.
Nanocomposite based on ceria with metal phthalocyanine (M-Pc) is an
inorganic-organic hybrid system. Pawan Kumar et al synthesized tin
phthalocyanine (SnPc)/mesoporous ceria (CeO,) nanocomposite and
used as photocatalyst for CO, reduction under visible light [146].
However, the studies on electrical properties of cerium oxide/ tin
phthalocyanine (CeO,/SnPc) nanocomposite is not available. Literature
reports have shown that no studies have been reported on the synthesis
and properties of cerium oxide/cobalt phthalocyanine (CeO,/CoPc)

nanocomposite.

1.3.4 Effect of electron beam irradiation

Electron beam (EB) irradiation is a new and efficient method for
modifying the optical, electronic, magnetic and mechanical properties for
potential applications [147]. Yun et al studied the effect of electron
beam irradiation on the properties of ZnO film [148]. Studies on the
effect of EB irradiation on the properties of nickel oxide nanocubes and
a-Ag,WO, nanoparticles were reported [149, 150]. Raghu et al reported
the effect of EB irradiation on the structural and dielectric properties of
polymer electrolyte film [151]. Studies on the use of electron beam

irradiation for controlling the surface properties of nanoparticles are

Synthesis and characterization of cerium oxide nanoparticles and their composites 15




Chapter-1

sparse. Few works were reported on the effect of electron beam
irradiation on structural and optical properties of nanoparticles [152-
155]. The detailed literature survey indicates that no studies are reported

for the effect of electron beam irradiation on the properties of nanoceria.

1.4 Motivation

Several studies have been reported on the synthesis and
characterization of CeO, nanoparticles. However, systematic studies on
the structural, optical and electrical properties of cerium oxide/cobalt
phthalocyanine and cerium oxide/tin phthalocyanine nanocomposites are
sparse. Hence, more extensive and systematic studies on the structural,
optical and electrical properties of these nanocomposites are needed. The
electron beam irradiation technique can be used to improve the
structural, optical and electrical performance of nanoparticles. To date,
no studies have been reported on the effect of high energy electron beam
irradiation on the properties of nanocrystalline CeO,. In order to throw
more light on the influence of high energy electron beam irradiation on
the CeO, nanoparticles, systematic investigation based on various

characterization tools are required.
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1.5 Objectives of the present work
The main objectives of the present investigation are as follows:

» Synthesis of nanocrystalline CeO, by chemical precipitation
method.

» Investigation of thermal, structural, optical and electrical
properties of the synthesized nanophase CeO, using various
characterization techniques.

» Evaluation of the effect of calcination temperature on the thermal,
structural, optical and electrical properties of CeO, nanoparticles.

» Study the impact of 8 MeV electron beam irradiation on the
structural, thermal, optical and electrical properties of nanophase
CeO,.

» Characterization of CeO,/CoPc nanocomposite prepared by
solvent evaporation method.

» Characterization of CeO,/SnPc nanocomposite synthesised by

solvent evaporation method.
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Chapter E
EXPERIMENTAL TECHNIQUES

2.1 Introduction

Characterization of nanoparticle is mandatory to establish the
understanding and control of synthesis, properties and applications. In
order to take full advantage of synthesized nanoparticle, a clear analysis
about its structural, compositional and functional properties is needed. In
this chapter fundamentals and basic principles of characterization tools
used in the present investigation are discussed. A list of the chemicals
used for the synthesis of CeO, nanoparticles, CeO,/CoPc and CeO,/SnPc
nanocomposites and a snapshot of the method of synthesis of these

nanomaterials are also presented.

2.2 Materials

> Cerium(III) nitrate (Ce(NO3);.6H,0; 434.2 g/mole; 99.9% purity,
Sigma Aldrich), ammonium carbonate (NH,; HCO;-NH,
COONHy; 157.13 g/mole; 99.9% purity, Sigma Aldrich) and
EDTA (Merck, 99.9% purity) are the chemicals used for the
synthesis of cerium oxide nanoparticles.

> Cobalt phthalocyanine (Sigma Aldrich), dimethyl formamide

(Merck), dimethyl sulphoxide (Merck) and ethanol (Merck) and
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ceritum oxide nanoparticles synthesized by chemical
precipitation method are the materials used for the synthesis of
cerium oxide/cobalt phthalocyanine nanocomposite.

> Tin phthalocyanine (Sigma Aldrich), dimethyl formamide
(Merck), dimethyl sulphoxide (Merck) and ethanol (Merck) and
cerium oxide nanoparticles synthesized by chemical
precipitation method are the chemicals used for the synthesis

of cerium oxide/tin phthalocyanine nanocomposite.

Distilled water is used in all the synthesis process.

2.3 Synthesis method

The investigation of new properties of nanostructures and their
applications is possible only when materials are synthesized with suitable
size, morphology and chemical composition [1]. Today, a wide variety of
techniques are available for the production of nanoparticles. Solution
based processing of nanomaterials is a very important synthesis route and
has been used in many materials to achieve a variety of fabrication goals.
Usually chemical methods can provide better control over the size, shape
and functionalization of the nanomaterials synthesized [2].
Chemical precipitation

Precipitation technique of rare earth compounds from aqueous
solutions using suitable reagents is useful for the production of metal

oxide nanoparticles for various applications. Usually solutions of
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different ions are mixed in well defined quantities and under controlled
physical conditions such as temperature and pressure, to stimulate the
formation of insoluble compounds, which precipitate out of solution. The
precipitate is then collected through filtering. The obtained product is
then dried to get powder sample. This reaction highly depends on the
concentration of reactants, temperature, pH of the solutions and the order
in which the reagents are added to the solution and mixing. This method
is extremely useful for the synthesis of large variety of compounds. In
the present study simple chemical precipitation method is employed for

the synthesis of cerium oxide nanoparticles.

2.4 Characterization techniques

Most of the characterization techniques involve elementary
particles like electrons or photons as a probe beam striking the sample
material to be analyzed. This beam interacts with the sample and the
changes induced in the beam (energy, intensity) are monitored after the
interaction. Finally analytical information is derived from the
observation of these changes. In this work, thermogravimetric (TGA)
and differential thermal analysis (DTA) are the two different techniques
used to analyze the thermal stability of the materials synthesized. The
structural characterizations include X-ray diffraction (XRD), scanning
electron microscopy (SEM) and transmission electron microscopy

(TEM) techniques. Fourier transform infrared spectroscopy (FTIR) and

Synthesis and characterization of cerium oxide nanoparticles and their composites 35




Chapter-2

Raman spectroscopy are employed to identify the functional groups and
to analyze the vibrational motion of atoms and molecules. Energy-
dispersive X-ray spectroscopy (EDX) is used to examine the chemical
composition of the sample. Optical characterization of the samples are
performed using UV-visible absorption spectroscopy and photolumin

escence spectroscopy (PL) .

2.4.1 Thermal characterization

In thermal analysis, a series of techniques are used for measuring
the temperature dependence of a physical property of certain substances.
In this work, thermogravimetric analysis and differential thermal analysis

techniques are employed for this purpose.

Thermogravimetric analysis

Thermogravimetric analysis is a method of thermal analysis, which
is used for studying the changes in the physical and chemical properties
of a material by measuring weight change with increasing temperature
under inert or reactive atmospheres. TGA will provide the information
about the physical phenomena such as crystallization and phase
transformation or chemical processes like decomposition, oxidation and
reduction that occurred when temperature increases [3]. When a
substance is subjected to continuous heating, the material will exhibit
either mass loss or gain due to decomposition, oxidation, or loss of

volatiles such as moisture. This change in weight of the sample is
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measured as a function of temperature in TGA. The rate of change of
weight with respect to temperature or time is recorded using derivative

thermogravimetry (DTG).

Differential thermal analysis

In this thermo analytic technique, the sample material under study
and an inert reference are made to undergo identical thermal cycles,
while recording any temperature difference between sample and
reference. In DTA, this differential temperature (exothermic or
endothermic) is then plotted against time. A DTA curve provides the
information about glass transitions, crystallization, melting and
sublimation. The area under a DTA peak is the enthalpy change and is
not affected by the heat capacity of the sample. DTA is used for the
analysis of phase diagrams, heat change measurements and

decomposition in various atmospheres.

In the present work, the thermal behavior of the synthesized CeO,
nanoparticles, electron beam irradiated CeO, nanoparticles and CeO,
based phthalocyanine composites are analyzed by thermogravimetric

analyzer and differential thermal analyzer using Perkin Elmer STA 6000.
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2.4.2 Structural characterization

2.4.2.1 Powder X-ray diffraction

X-ray diffractometry is a non-destructive quantitative technique to
investigate the crystal structure of solids. Information related to phase
composition, grain size, internal lattice strain, preferred crystal
orientation, lattice constant, unit cell and degree of crystallinity of the
material can be determined from XRD results. It is based on the
constructive interference of monochromatic X-rays. A narrow beam of
X-rays, with a wavelength ranging from 0.07 to 0.2 nm, is diffracted by

the crystalline phases of the specimen according to Bragg’s law [4] :

nA = 2d sinf (n=1,2,3...), (2.1)

where d is the interplanar distance and 4 the wavelength of the X-rays.
The intensity of the diffracted beam is measured as a function of the
diffraction angle (26) and the specimen’s orientation. Structural
properties of the specimen can be studied from the diffraction pattern.
The quantitative identification can be determined by comparing the XRD
pattern of the unknown material with standard data files of the Joint
Committee on Powder Diffraction Standards (JCPDS). The mean grain

size (D) of the crystallite is determined by using Scherrer equation [5],

D = KJ/ (Pcosb), 2.2)
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where K is the Scherrer's shape factor (0.9), f the full width at half
maximum of the peak at 26 value and A the X-ray wavelength (1.5406
A). The lattice constants ‘a’ is calculated from the lattice spacing of
(111) peaks of cerium oxide nanoparticles in accordance with the Bragg

equation. For cubic crystal structure, a=b=c and

Ud = (W+IE+P)d’, (2.3)
where dj; 1s the spacing between the planes corresponding to Miller

indices (hkl) and a 1s lattice constant.

The length of dislocation lines per unit volume of the crystal is
called as the dislocation density and the term dislocation indicates a
crystallographic defect or irregularity within the crystal structure.
Homogeneous nucleation and grain boundary initiation are the two main
mechanisms for dislocation. A larger dislocation density implies more
hardness [6]. Dislocation density (J) is calculated from particle size by
using the formula,

6= 1/D". (2.4)
Williamsons —Hall (W-H) method

The strain induced in nanopowders due to crystal imperfection

and distortion is calculated using the formula,

o = p/4tant (2.5)
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From equations (2.2) and (2.3), it is noticed that the peak width
varies [/cosf changes, and strain varies with fanf. Assuming that the
particle size and strain contributions to line broadening are independent
of each other and both have a Cauchy-like profile, the observed line

breadth is simply the sum of equation (2.2) and (2.5) [7]

S = KA/Dcos + 4o tant (2.6)

By rearranging Eq. (2.6),

B cos@ = Ki/D + 4o sin6 2.7)

The equations (2.6) and (2.7) are W-H equations. The micro
strain induced in the nanomaterial can be calculated from W-H plot,
which is drawn with 4 sin6 along the x-axis and f cosf along the y-axis .
From the linear fit to the data, the crystallite size is estimated from the y-

intercept, and the strain ¢ from the slope of the fit.

In this research work, XRD analysis is carried out in reflection
mode by X-ray powder diffraction method, using Bruker D8 Advance X-
ray diffractometer with Cu-Ko radiation (A=1.5406 A, X-ray tube
voltage = 40 kV and current = 35 mA). The scan is taken in the 20 range
from 0-70° with step size of 0.02°. Fig.2.1 shows the photograph of a

Bruker D8 Advance X-ray diffractometer.
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Fig.2.1 Photograph of Bruker D8 Advance X-ray diffractometer

2.4.2.2 Transmission electron microscopy

In a transmission electron microscope a beam of electrons is used
in the place of ordinary light and focusing is done by electric and
magnetic fields. It can provide structural, phase and crystallographic data
of materials down to atomic levels with high spatial resolution. This
high spatial resolution of TEM is due to the small de Broglie wavelength

of electrons (4 =h/mv) [8]. In this imaging technique, a beam of electrons
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is generated from an electron gun by thermionic discharge and is
focused onto a specimen. The electromagnetic lenses and electrostatic
plates in the instrument guide the electron beam as required. The
transmitted electrons through the specimen can be used to develop
images. The enlarged version of this image is detected using a

photographic film, or fluorescent screen or CCD camera.

In TEM, one can collect images either by TEM image observation
mode (magnified image of a magnified specimen) or selected area
electron diffraction (SAED) method. SAED patterns can be used to find
whether the sample is amoprohous (diffuse rings) or crystalline (bright
spots) or polynanocrystalline (small spots making up rings, each spot
arising from Bragg reflection from an individual crystallite). Dark Field
(DF) images are ready to provide the information about planar defects,
stacking faults or particle size, in which the direct beam is blocked by the
aperture while one or more diffracted beams are allowed to pass. In the
bright field (BF) mode, all the beams except direct beam are blocked. In
this case, the image results from a weakening of the direct beam by its
interaction with the sample. In the case of lattice images, image is
formed by the interference of the diffracted beams with the direct beam.
High resolution TEM (HRTEM) images are used to investigate the

atomic structure of a specimen directly.
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Fig.2.2 JEOL model JEM-2100 transmission electron microscope

For TEM studies, the powder samples are dispersed in ethanol
using an ultrasonic bath. A drop of the suspension is placed on a copper
grid coated with carbon film. After drying, the copper grid containing
nanoparticles is placed on a holder for the imaging process. TEM images

of all samples are taken on a JEOL model JEM-2100 electron microscope
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operated at 200 kV with a resolution of 0.23 nm and analysis of the
results is done by Image J software. Fig.2.2 shows the photograph of

JEOL model JEM-2100 transmission electron microscope.

2.4.2.3 Scanning electron microscopy

The scanning electron microscope is used to study the surface
morphology of solid specimens by a focused beam of high energy
electrons. Due to the manner in which the image is created, SEM images
have a characteristic three-dimensional appearance and are useful for
judging the surface of the sample. In SEM, high energy electrons from an
electron gun are made to incident on a sample surface. When these
electrons interact with the sample, KE of the electrons are dissipated and
secondary electrons, backscattered electrons, diffracted backscattered
electrons, photons and heat are produced. Secondary electrons are most
valuable for showing morphology and topography of samples and
backscattered electrons are responsible for crystal structure and
orientation of materials. The combination of higher magnification, larger
depth of focus, greater resolution and ease of sample observation makes

the SEM one of the most heavily used techniques in research areas today.

In the present study, the surface morphology of samples is
analyzed with a scanning electron microscope JEOL model JSM-6390LV,
operating at 20 kV and having a resolution of 3 nm. Fig.2.3 shows the

photograph of JSM-6390LV scanning electron microscope.
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Fig.2.3 JEOL model JSM-6390LV scanning electron microscope

2.4.2.4 Energy dispersive X-ray spectroscopy
Qualitative elemental analysis, standard less quantitative analysis,
X-ray line scans and mapping can be performed with SEM-EDX

combination. Energy dispersive X-ray spectroscopy is used to analyze
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the chemical composition of a specimen by the interaction of
some source of X-ray excitation and asample. A small change in
composition of elements may cause high variations in the electrical and
optical properties of nanoparticles. Its characterization capability is
mainly related to the fundamental principle that every element has its
own atomic structure allowing X-rays that are characteristic of an
element's atomic structure. Ionization of an atom by high energy charged
particle may cause X-ray emission, and an electron-hole pair is produced
within the atom. During de-excitation, an electron from a higher energy
outer shell fills the vacant inner shell, and an amount of energy equal to
the energy difference between the two shells is released. This excess
energy will be emitted in the form of a photon or as an auger electron. In
this study, a JEOL model JED — 2300 and BRUKER X Flash 6/10EDS
detectors are used to record EDX spectrum of the synthesized

nanosamples.

2.4.2.5 Fourier transform infrared spectroscopy

FTIR spectroscopy is employed to identify the functional groups
and to analyze the vibrational motion of atoms and molecules [9].
Absorption of IR radiation can results in vibrational transitions of
molecules. In FTIR spectroscopy, when IR radiation incident on a
sample, each molecule in the sample absorbs only IR light of certain

frequencies based on the characteristic for each molecule. Hence, it is
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possible to identify the molecule type (qualitative analysis) and the
amount of molecule in the sample (quantitative analysis) by studying the

absorption spectrum.

Source, interferometer and detector are the main parts of FTIR
spectrometer. IR beam from the source are directed towards the
Michelson interferometer present in the FTIR system. The beam splitter
in the interferometer splits the incident beam into reflected and
transmitted beams. Either reflected or transmitted beam is passed through
the sample and collected by the detector. The sample absorbs certain
frequency of radiation based on the characteristics of each molecule
present in the sample. In Fourier transform, time domain is converted in
to frequency spectrum and intensity is plotted as a function of frequency
in the IR spectrum. From the characteristic peaks, different functional

groups present in the compound can be identified [10].

In this study, Fourier transform infrared spectrum of the
nanoparticles are recorded by FTIR spectrophotometer (Thermo Nicolet,
Avatar 370) in the range 2000 to 400 cm’'. The spectral output are

recorded by transmittance (%7) as a function of wave number (//1) cm.

2.4.2.6 Raman spectroscopy
Raman spectroscopy is an analytical tool for molecular finger

printing as well as monitoring changes in molecular bond structure. It
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can be employed to estimate the vibrational, rotational and other low-
frequency modes in a system. A beam of monochromatic light from a
laser source interacts with the sample and emits light during de-
excitation process. As a result, energy of the laser photons being shifted
up or down (Raman effect) depending upon the vibrational state of the
molecule under study. The study of change in frequencies gives the
information about the transitions in molecules of solid, liquid or gaseous
samples [10]. Raman spectra are collected at room temperature using
Bruker FRA/106/S Raman spectrometer with a scan range of 50-4000
cm’ and having a resolution of 2 cm™. The laser source used is

Nd: YAG with an output wavelength of 1064 nm.

2.4.3 Optical characterization
2.4.3.1 Ultraviolet-visible spectroscopy

Ultraviolet-visible  spectroscopic  technique is useful to
characterize the absorption, transmission and reflectivity of materials
[11]. The incident UV or visible rays excites outer electrons in the test
sample to a higher energy level and the degree of absorption is
characteristic of the material under illumination. This transition from
highest occupied molecular orbit in the valence band (HOMO) to lowest
unoccupied molecular orbital in the conduction band (LUMO) is possible
only when the incident photon energy is equal or greater than the energy

difference between a possible electronic transition. As a result, there is a

48 Synthesis and characterization of cerium oxide nanoparticles and their composites




Experimental Techniques

sharp increase in absorption at energy close to band gap that manifests
itself as an absorption edge (or reflection threshold) in the UV-visible
absorption spectrum [12, 13]. This technique is very useful to find the

band gap energy of semiconducting materials.

Fig.2.4 Shimadzu UV-2600 model UV-Visible spectrophotometer

The basic components of a spectrophotometer are a light source, a
sample holder, a diffraction grating in a monochromator to separate the
different wavelengths of light, detector and a recorder. The ultraviolet or
visible light is split into two beams before it reaches the sample. One
beam is used as the reference and the other beam passes through the
sample (liquid) which is taken in a cuvette. By base line correction, the
reference beam intensity is taken as 100% transmission. A complete

absorption spectrum at all wavelengths can be produced and
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identification is done by comparing this absorption spectra with the
spectra of reference material. The amount of absorption is recorded by
a plot of absorbance (A) versus wavelength (1). A shift in the absorption
edge of the sample depends upon the variation in particle size . The
shifting of absorption edge to shorter wavelength is known as blue shift
(Hypsochromic shift) and shift towards higher wavelength is termed as

red shift (Bathochromic shift)

Band gap energy

Band gap energy is determined from the Tauc relation [14],

(ahv)=A(hv—E, )", (2.8)

where E; is the band gap, v the frequency, A is a constant and n can have
values 1/2, 3/2, 2 and 3 depending upon the mode of inter band transition
i.e. direct allowed, direct forbidden, indirect allowed and indirect
forbidden transition, respectively. The direct optical band gap Eg is
estimated from the plot (hva)® vs. (hv) by extrapolating the curve to

absorption equal to zero (Tauc plot).

In the present research work, the absorption spectra of the samples
are collected by Kubelka Monk transformation method [15] using a
double beam UV-Visible spectrophotometer (Shimadzu UV-2600 model).
For the measurement, powder samples are pressed into a thick pellet and

placed at the entrance port of integrating sphere using a sample holder.
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Calibration of the absorbance scale is done using barium sulphide. Fig.
2.4 represents the photograph of Shimadzu UV-2600 model UV-Visible

spectrophotometer.

2.4.3.2 Photoluminescence spectroscopy

Photoluminescence spectroscopy is used for the characterization
of optical and electronic properties of semiconductors and molecules by
analyzing the optical emission spectra of these materials. The incident
light promotes the transition of electrons from the ground state to excited
levels, producing electron-hole pairs. During recombination extra energy
is released as photons and this emitted light is termed as luminescence.
The intensity of emitted radiation as a function of either the excitation
wavelength or the emission wavelength is plotted in the PL spectrum.
The excitation spectrum can provide the best excitation wavelength for a

quantitative or qualitative analysis.

Initially one can select the exact wavelength of excitation for a
particular sample. Sample molecules are exposed to this wavelength
from the source. After completing the life time in the excited state,
molecule undergoes de-excitation. Detector detects the emitted photons
in terms of its wavelength. The intensity and time dependence of the
light emission are related to the possibility of electronic transition
within the sample and it is used for qualitative and sometimes,

quantitative analysis such as chemical composition, structure,
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impurities, kinetic process and energy transfer. The wavelength versus
intensity of the emission spectra will be displayed on the screen. The

energy of the emitted photon,

E=hv="hc/A ineV (2.9)

In the present study, photoluminescence spectra of the samples
are measured at room temperature using a Fluoromax-3
spectrophotometer having a 20-kW continuous powered high-pressure
Xe lamp as the excitation source and an R928 photomultiplier as the
photo-detector. Fig. 2.5 shows the photograph of a Fluoromax-3
spectrophotometer. The emission spectra are recorded in the range 350—
650 nm at an excitation wavelength of 330 nm using an excitation slit

width of 5 nm.

Fig.2.5 Fluoromax-3 spectrophotometer
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CIE chromaticity diagram
The international commission on illumination (Commission

Internationale de I’Eclairage -CIE) is an internationally accepted
standard for quantifying visible colours. Fig.2.6 shows 1931 CIE
chromaticity diagram.Visible luminescence spectrum from the sample
are measured and expressed by the resultant chromaticity coordinates (x,
y) on a two dimensional plane. The light in the range of 380 to 780 nm
are distinguished by human visual system (HVS) and spectral power
density (SPD). Any of the visible colour is represented as a combination
of three primary colours. These are denoted by tristimulus values (X,Y,Z).
These values are determined by integrating the product of the light
source P(A) and the CIE colour matching functions x(4), y(4) and z(%)
over the entire visible range.

X=> x(A) PA)A A

Y= y() P(H)A L (2.10)

Z=7%z(A) P(2) A 4,
where A/ is the interval between the points. These tristimulus values are

used to calculating the CIE coordinates by the equation

x=X/X+Y+Z
y=Y/X+Y+Z (2.11)
z2=2/X+Y+Z
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The position of the colours in CIE diagram is obtained by plotting only x

and y values since x+y+z = [.

0.9

0.8

v - chromaticity coordinate

R Red
B Blue
1 G Green
Y  Yellow
1O OranFe
P Purple

| Lower case:
“ish” takes suffix

0.3 0.4 0.5
x - chromaticity coordinate

Fig. 2.6 1931 CIE chromaticity diagram [16]

2.4.4 Electrical characterization

Electrical impedance analysis is a powerful technique for

identifying and characterizing the charge transport phenomenon in

various materials. AC measurements yield information which can be

used to determine whether the intrinsic conduction process can be
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described by hopping model or band theory, under particular operating
conditions [17]. The principle of parallel plate capacitor is employed for
the evaluation of permittivity. For dielectric studies, the powder sample
is consolidated in the form of cylindrical pellets using a hydraulic press.
Both the faces of the pellets are coated with air drying silver paste for
good electrical contact. The system will act as a metal-insulator-metal
capacitor.

The experiments are carried out using a cell assembly for holding
the sample and an impedance analyzer. The capacitance C and loss factor
(Tand) can be measured as a function of frequency at selected
temperatures. The dielectric parameters and AC conductivity can be
calculated from the capacitance value by the equation,

C=A ¢pc/d, (2.12)

where A the face area, ¢, the permittivity of vacuum, ¢ the dielectric
permittivity of the given sample and C the measured capacitance of the
pellet. The complex dielectric permittivity is represented by &*=¢-ic”,
where ¢ is the real part of the dielectric permittivity that describes the
stored energy, while ¢" is the imaginary part of the dielectric permittivity
related to the dissipation energy (or loss of energy) within the medium
[18]. The dielectric constant of the sample is determined by using the

expression

¢ = Cd/Asg, (2.13)
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Any capacitor when charged under a voltage will have some loss
current due to ohmic resistance or impedance by heat diffusion. The
dielectric loss is a measure of energy loss in the dielectric during AC
operation, which is a material property and does not depend on the

geometry of capacitor [19].

The dissipation factor (loss tangent),

Tand=¢/¢ (2.14)

The loss tangent (7and) is directly obtained from the experiment.
The AC conductivity (o,.) is obtained from the dielectric constant (&')

and tangent loss (7and) using the relation,

0,.= €& Tand, (2.15)

where ¢, 1s the permittivity of free space and @ the angular frequency

( w=27f).

Conductivity is an increasing function of frequency in the case of
hopping conduction. While in a band conduction, it is a decreasing
function of frequency. Then the total conductivity is considered as the

sum of both hopping and band conduction.

In the present study, the powder samples are consolidated in the
form of cylindrical pellet of diameter 13 mm at a pressure of ~7 GPa

using a hydraulic press. The pellet prepared is then sintered at 150°C for
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2 h. Both the faces of the pellets are coated with air drying silver paste
for good electrical contact. Dielectric measurements as a function of
frequency in the range of 100 Hz—10 MHz are measured at various
temperatures (303- 423 K) using Wayne Kerr H-6500B model impedance
analyzer (Fig. 2.7) in conjunction with a portable furnace and a
temperature controller (£1 K). The standard measurement accuracies for
capacitance and loss tangent values are + 0.05% and + 0.0005%
respectively. Capacitance (C) and loss factor (7and) are directly
collected from the experimental data. The temperature, frequency and

compositional dependence of dielectric constant, loss tangent and AC

conductivity are measured for all the samples.

Fig 2.7 Wayne Kerr Impedance Analyzer (6500B)
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Power Law
The total conductivity of the material can be considered as the
sum of both AC and DC conductivities represented by the equation [20],

O total— O (T) + O'(C(),D (2'16)

The term o(7) is due to the band conduction, and is frequency
independent which can be considered as the electronic or DC
conductivity. The second term a(w, T) is due to the hopping process, and
is frequency dependent, which can be considered as the AC conductivity
[21]. The frequency dependence of AC conductivity can be expressed by
empirical power law as described by Jonscher and referred to as

universal dynamic response [20, 22]

According to Jonscher’s universal power law,

o (0,T)=0,c=A &°, (2.17)

where w = 2zf is the angular frequency, A is a pre-exponential
constant and § is the frequency exponent. The frequency exponent S
(0 <S <1) characterizes the low frequency region, corresponding to
translational ion hopping. The value of S can be determined by best

fitting (log o,.) versus (log w) lines using the least squares method.
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2.5 Electron beam irradiation

The Microtron facility at Mangalore University, Karnataka, India
has been used for the electron beam irradiation of CeO, samples (Fig.
2.8). In a microtron accelerator, the electrons revolve in a uniform
magnetic field and accelerate each time they pass through the electric
field of the accelerator cavity. Once the accelerated electrons reach a
predefined energy level, they are expelled as a beam via an exit pipe to

an external device.

Fig 2.8 Microtron facility at Mangalore University
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The synthesized powder samples are taken in polythene bags for
irradiation. Samples are exposed to 8 MeV electron beam at a distance of
30 cm from the beam exit port. The doses absorbed by the samples are
evaluated by glutamine dosimetry using a Secomam-Anthelie-70M10291
UV- visible spectro photometer [23]. A standard *°Co gamma chamber is
used for the calibration of doses. In this research work, nanoceria
samples are irradiated at a dose of 5 and 10 kGy with a pulse current of

50 mA and a pulse rate of 50 Hz.
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THERMAL, STRUCTURAL,
OPTICAL AND ELECTRICAL
PROPERTIES OF CERIUM OXIDE
NANOPARTICLES

3.1 Introduction

The ability to tailor the properties so as to optimize the
performance requires a detailed understanding of the relationship
between structural, optical and electrical properties particularly at
nanoscale dimensions [1].In this chapter, synthesis and characterization
of cerium oxide nanoparticles are presented. Cerium oxide nanoparticles
are synthesized by simple cost effective chemical precipitation method.
Studies based on the structural features, optical and electrical properties
of synthesized nanoceria along with the effect of calcination temperature

on these properties are also presented in this chapter.

3.2 Synthesis of cerium oxide nanoparticles

Cerium oxide nanoparticles are prepared by reacting aqueous
solutions of Cerium(III) nitrate and ammonium carbonate (0.1 M each)
at room temperature. Stoichiometrically prepared EDTA solution is

added drop by drop to the solution of cerium nitrate to control the size of
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nanoparticles and avert the reverse reaction. This mixture solution is then

added slowly into ammonium carbonate solution. The whole mixture is

then stirred for 2 h using magnetic stirrer. The final product is a pale

yellow precipitate, which is filtered and washed with distilled water

several times. The product is then heated at 60°C for 24 h to form

powder samples. The powder samples are calcined at 400, 550, 700 and

850°C for 3 h in a porcelain crucible using a muffle furnace in an

ambient atmosphere. CeO, samples calcined at 400, 550, 700 and 850°C

are designated as S1, S2, S3 and S4, respectively. The scheme of

synthesis process can be explained by the flow chart which is depicted in

Fig.3.1.

Magnetic stirrer (2h)

v -
Washed and filtered  Heating

precipitate 60°C24 h
Calcination

400°C  550°C 700°C 850°C
S1 S2 S3 sS4
Cerium oxide nanoparticles

3.3

Fig.3.1 Scheme of preparation of cerium oxide nanoparticles

Results and discussion

3.3.1 Thermal analysis

The choice of suitable calcination temperature depends on the

results of TG analysis. Fig.3.2 represents the thermogravimetric and
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Synthesis and characterization of cerium oxide nanoparticles and their composites




Thermal, Structural, Optical &I Electrical Properties of CeO, Nanoparticles

differential thermal analysis curves of the prepared CeO, nanoparticles
collected by Perkin Elmer STA 6000. TGA curve shows a continuous
weight loss up to 350°C. In this, the weight loss from 40 to 200°C is
attributed to the loss of moisture and trapped solvents. The remaining
weight loss in the range 200-350°C is due to the combustion of organic
residues. The DTG curve shows a strong peak at243°C (weight loss
~4.75 mg/min) correlated to a weight loss confirming the combustion of
organic residues due to the crystallization of residual amorphous phase.
A strong exothermic peak at 249°C is found in the DTA curve. The
thermal analysis shows that the synthesized nanoparticles are thermally
stable in the range 200-850°C. As the weight remains constant after
400°C, this temperature was chosen to ensure the complete

decomposition of the precursor to form cerium oxide nanoparticles.

249.07°C

Heat flow endo down (mW)
Derivative weight (mg/min)

243.40°C (-4.75 mg/min)

100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig 3.2 TGA/DTA/DTG curves of CeO, nanoparticles
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3.3.2 Structural characterization
The structural analyses of the synthesized nanoceria samples are

carried out by following the procedure described in Section 2.4.2.

3.3.2.1 Powder XRD analysis

The crystalline material structure, including atomic arrangement,
crystallite size, and imperfections of the samples are examined using
XRD. Fig.3.3 shows the XRD patterns of cerium oxide nanoparticles
calcined at different temperatures which are collected by reflection mode
with Cu-K,, radiation (A= 1.5406 A) using Bruker D8 Advance X-ray
diffractometer (step size = 0.020°, step time = 32.8 s and 40 kV, 35mA).
The XRD spectra reveal that particles formed are crystalline. All peaks
could be indexed to a pure cubic fluorite structure of CeO, (space group:
Fm3m) with lattice constant a=5.411 A, which is in agreement with the

JCPDS file No. 75-0076 for CeO,.
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Fig.3.3 XRD patterns of CeO, nanoparticles calcined at
different temperatures

The CeO, sample S1, which is calcined at 400°C gives XRD
peaks at (111), (200), (220) and (311). As the calcination temperature is
increased, three more peaks at (222), (400) and (331) are formed, which
indicate the increment in crystallization in a face centered cubic
structure. The peaks become gradually sharper with increasing
calcination temperature and are due to the increase in size of the particles

caused by the coarsening of particles [2]. Intensity of diffraction peaks
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are greatly modified for the samples due to increase in calcination
temperature. Average size of cerium oxide nanoparticle samples are
estimated using Scherrer equation [3] and obtained values are 7.3, 13.56,
18.45 and 30.65 nm for S1, S2, S3 and S4, respectively. The structural
parameters of the samples S1, S2, S3 and S4 are tabulated in Table
3.1.Fig.3.3 shows that diffraction peaks become intense and their FWHM
gradually decreases with increase in calcination temperature. The
nanoparticles show larger crystallite size at higher calcinations
temperatures, which may be due to the thermally promoted crystallite
growth. The effect of calcination temperature on particle size is plotted in
Fig.3.4. It is noticed that crystal growth rate gradually increases upto a
calcination temperature of 700°C and thereafter becomes more steep. At
low calcination temperature, the porosity is quite high and the pores are
interconnected to maintain smaller crystal sizes [4]. However at higher
calcination temperature, continuous grain boundary networks have been

formed due to the bridging of small particles to increase the particle size.
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Fig.3.4 Effect of calcination temperature on crystallite size of CeO,

The average particle sizes are estimated using the W-H method

[5] as described in Section 2.4.2.1. W-H plots for the cerium oxide

samples are presented in Fig 3.5.Table 3.1 presents the changes in

geometric parameters of CeO, nanoparticles, when the calcination

temperature changes from 400 to 850°C. It can be seen that the average

crystallite size calculated from Scherrer equation closely agree with the

size estimated from Williamson-Hall plot. The lattice constant a of

CeO, nanoparticles can be estimated from the spacing of the lattice

planes (hkl) using Bragg’s law [6]. It can be seen from Table 3.1 that the

calcination process results in the increase of crystallite size and lattice

contraction. The unit cell volume (V=a3 ) for the samples S1,S2,S3 and

S4 are calculated from XRD data and also presented in Table3.1.

Synthesis and characterization of cerium oxide nanoparticles and their composites...

69



https://www.hindawi.com/journals/jnm/2013/265797/#B30

Chapter-3

dislocation density (8) calculated for the sample S1,S2,S3 and S4 is

18.765x107, 5.439x107, 2.938x107 and 1.064x10” nm™, respectively. It

can found that micro-strain and dislocation density values of the samples

decreases with increase in calcination temperature, which indicates that

defects like dislocations, edges or cuts are removed during calcination

process [7].

Table 3.1Structural parameters of CeO, nanoparticles

Average
particle size _

(nm) ~ ] "PE %
g g0 = X 8.~

g Z 3 = = [T
£ = £ S S = g E
o = (=) o~ > o e =
o s = -5] E 2 () Wos % i;; 'i:é =
2 ES | E| g2 | 8| 87| ¢ o | §o
5| 2% | Z | =3 | §< | §2| B2 | & |23
&S| & E = =2 - -1 o2 = e *
S1 7.3 8.4 1.197° 5403 | 3.1194 | 157.73 | 4.54 |18.765
S2| 1356 [12.56| 0.749° 54 3.1176 | 157.46 3 5.439
S3| 1845 [19.95| 0.433° 5.39 3.1119 | 156.59 | 1.18 |2.938
S4| 30.65 [33.44| 0.251° 5.383 | 3.1078 | 15598 | 0.979 | 1.064
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Fig.3.5 W-H plots of nanophaseCeO, samples

To summarize, the calcination of nanoceria results in increase in

intensity of diffraction peaks, increase in crystallite size, decrease in

micro-strain and dislocation density and decrease in lattice constant and

unit cell volume. All these structural modifications can affect the

physical properties of CeO, nanoparticles.
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3.3.2.2 TEM analysis

Structural features of nanophase CeO, samples are examined by
JEOL MODEL JEM-2100 electron microscope operated at 200 kV. Fig.
3.6 shows the TEM images of cerium oxide nanoparticles calcined at
different temperatures. The bright field image of (Fig.3.6 (a)) sample S1
reveals that particles are not exactly spherical in shape and are
agglomerated. Agglomeration of nanoparticles occurs because the
nanoparticles tend to decrease the exposed surface in order to lower the
surface energy [8]. However, the BF images of calcined samples clearly
demonstrate  the crystallite growth. Loose agglomeration of ceria
nanoparticles is clearly seen in samples S3 and S4. The average size of
the grains obtained from TEM images (S1=8 nm, S2= 14 nm, S3=20 nm
and S4=32 nm) show good agreement with the XRD results.
Polycrystalline nature of the sample is evident from HRTEM images of
Fig.3.6(b). The bright spots in the SAED patterns (Fig.3.6(c)) of the
samples confirm that all the samples have crystalline nature [9], as the
SAED pattern of crystalline material will be bright spots and each
bright spot in the SAED pattern arising from the Bragg reflection from

individual crystallite.
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Fig.3.6 TEM images of CeO, nanoparticles

(a) Bright filed images (b) HRTEM and (c) SAED Patterns
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3.3.2.3 SEM and EDX analysis

The surface morphology of the CeO, samples are analyzed with a
scanning electron microscope JEOL MODEL JSM-6390LV, operating at
20 kV. Fig.3.7 shows SEM images of CeO, nanoparticle samples. It
shows that thecalcined samples are not uniform in size and shape. The
SEM images of the samples contain heterogeneous nanoparticle clusters.
The elemental analysis of the sample calcined at 400°C is done by
energy-dispersive X-ray spectroscopy. The EDX pattern of the sample
S1 is displayed in Fig.3.8. The peaks confirm that the product contains
Ce and O. Besides, 2 mass % of impurity element C is observed, which
is from the lacey Cu grid. The intense signal at 4.8 keV indicates that Ce
is the major element. The mass and atom percentages of the sample are

presented in Table 3.2.

20kV X1,500 10pm 11 45 SEI

20kV X1,500 10pm 0000 1546 SEI 20kV X1,500 10pm 0000 1144 SEI

Fig.3.7 SEM images of CeO, nanoparticles
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Fig.3.8 EDX pattern of CeO, nanoparticles calcinedat 400°C (S1)

Table 3.2 EDX data of CeO, nanoparticles

Element keV Mass % Atom %
CK 0.277 2 11.23
O K 0.525 11.11 46.88
CeL 4.839 86.9 41.89
Total 100 100
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3.3.2.4 FTIR analysis

The FTIR spectra in the transmission mode of the cerium oxide
samples are recorded by Thermo Nicolet, Avatar 370 and displayed in
Fig. 3.9. The FTIR spectra show all principal vibrational modes, which
are in good agreement with literature values [10- 14]. The broad
absorption peak at 2000-3400 cm ™' is assigned to OH stretching
vibrations of H,O in the sample [10]. The absorption bands at 1380 and
1630 cm™' correspond to physically adsorbed water molecules [11]. FTIR
illustrated absorption bands at 848 and 521 cm™' are produced by CeO,,
which is the typical peak for the Ce-O stretching vibrations[12-
14].Fig.3.9 shows that all absorption peaks are shifted towards higher
wavenumber side as calcination temperature is increased, which may be
due to particle size variation caused by the heat treatment. It is also
observed that all the residual peaks are weak right from 500 cm™ as most
organics are burned off, during calcination resulting in the oxidation of

cerium [15].

= "\

s3 W
m
w

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig.3.9 FTIR spectra of CeO, nanoparticles

Transmittance (%)
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3.3.2.5 Raman spectroscopy

Raman studies of the CeO, nanoparticles are performed by Raman
spectrometer, Bruker RFS-27, using Nd-YAG laser, at room temperature.
Cerium oxide has a cubic fluorite type structure and belongs to the
(Fm3m) space group, as discussed in Section 3.3.2.1. This cubic structure
has six optical-phonon branches, which yield three zone-centre
frequencies. These frequencies are 272, 465 and 595 cm ', correlating to
doubly degenerated TO mode, triply degenerate Raman-active mode and
non-degenerate LO mode, respectively [16]. The triply degenerate
Raman-active mode frequency can be directly detected by Raman
measurements, whereas the TO and LO frequencies are given indirectly
by fits to infrared reflectivity [17]. Details of the vibrational modes of
CeO, are presented in Table 3.3.

Table3.3 Ramanvibrational modes of CeO, [18]

Mode Frequency(cm”)  Degeneracy Description
IR 272 2 TO mode

Raman 465 3 F,, mode
IR 595 non-degenerate LO mode

Fig.3.10 shows Raman spectra of cerium oxide nanoparticle
samples. The Raman active modes for the samples S1, S2, S3 and S4 are
462.49, 464.81, 465.9 and 465.98 cm™, respectively. This Raman active

mode is attributed to a symmetrical stretching mode of the Ce-O8
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vibrational unit, and is sensitive to any disorder in the oxygen sub-lattice
resulting from thermal, doping or grain size induced non-
stoichometry[18,19].1t is observed that the Raman modes are shifted
from 462.49 to 465.98 cm™ as calcination temperature increases from
400 to 850°C, due to particle size variation.It can also seen that intensity
of Raman peaks are elevated with increase in calcination
temperature.This intensity variation might result due to the increase in
vibrational amplitudes of the nearest neighbour bonds. [15]. The current
results show some variation from the reported values for bulk sample and
this variation could be due to the nanoscale size of synthesized ceria
samples. The present experimental Raman mode of nanoceria samples
are presented in Table 3.4, along with previous reported values for bulk

and nano-CeO,.

Table 3.4 Comparison of Raman modes of nanoceria with literature

values

Sample Raman mode (F,;) cm™!
S1 462.49
S2 464.81
S3 465.9
S4 465.98

. 465.5 [21]
Literature values 458 [22.23]
Bulk CeO, 465 [20]
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Fig.3.10 Raman spectra of CeO, nanoparticle samples

3.3.3 Optical properties
UV-vis absorption and photoluminescence spectra of the cerium
oxide nanoparticles are presented here. The analyses are carried out by

following the procedure as given in Section 2.4.3.

3.3.3.1 UV -visible absorption spectroscopy

Optical properties of the synthesized nanoceria samples are
investigated by its absorption and emission spectra using spectroscopic
techniques. UV-visible absorption spectra of CeO, nanoparticles calcined
at different temperatures are collected by Kubelka Monk transformation
methods using Shimadzu UV-2600 UV-Visible spectrophotometer. The

optical absorption spectra of CeO, nanoparticle sample are presented in
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Fig.3.11.The figure shows that all the samples show a strong absorption
below 400 nm. The broad absorption bands located at 250 and 340 nm in
the UV range originates from the charge transfer transition from O*(2p)
to Ce4+(4f) orbitals in CeO,[24]. These spectral profiles indicate that the
charge transfer transition of Ce** overlaps with the 4f 54’ transition of
Ce’[25].0t can be seen from Fig. 3.11 that the absorption edges of
calcined samples are shifted from 440 to 457.7 nm due to particle size

variation caused by calcination.
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Fig.3.11 Optical absorption spectra of CeO, nanoparticle samples
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Fig. 3.12Tauc plots of CeO, samples calcined at different temperatures

As ceria is a direct band gap material [26], the value of n in the
Tauc are elation is ¥2. The band gap values obtained are 3.42, 3.37, 3.29
and 3.25 eV, respectively for samples S1, S2, S3 and S4 (Fig.3.12). The
calculated E,values of the samples S1,S2,S3 and S4 are tabulated in
Table 3.5. The spacing of the electronic levels and the energy band gap
are highly dependent on the particle size [27]. The calculations for the
quantum size effect establish that there are no significant variations in
the chemical composition in the structure of metal oxide as a result of
particle size change[28]. The present results show a shift towards lower

band gap energies due to an increase in particle size caused by
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calcination. At higher calcination temperature, both the energy levels

widen, which leads to contraction of the band gap.

In UV rays, ultraviolet A(315-400 nm) and ultraviolet B(280-315
nm) are not absorbed by the ozone layer, and this may cause skin cancer.
From the Fig.3.11, it can be seen that most of the UV light in the range
from 200-350 nm is absorbed by theCeOjnanoparticles. Thus, ceria
nanoparticles can be used as a UV blocker. In short, CeO, nanoparticles
are suitable for UVA and UVB filtration, because this nontoxic material
has good UV absorption in the range from 200-350 nm. This property of
CeO, nanoparticles can be used in cosmetic products to protect skin
against UVA and UVB rays [29]. Moreover, the present investigation
proves that nanoceria is a suitable candidate for the construction of

inorganic UV filters.

Table 3.5 Optical band gap of CeO, nanoparticle samples

Optical band gap Optical absorption
Sample
E, (eV) edge (nm)
S1 3.42 440
S2 3.37 452
S3 3.29 456
S4 3.25 457.7
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3.3.3.2 Photoluminescence spectroscopy

The room temperature photoluminescence spectra of CeO,
powder samples are recorded using a Fluoromax-3 spectrophotometer,
under the excitation wavelength of 330 nm and are shown in Fig.3.13.
Sample S1 shows a good UV emission at 363 nm (3.4 eV), which is due
to the hopping from the localized Ce 4f state to the O 2p valence band.
The blue emission bands at 419 nm (2.96 eV) and emissions at 436.3 nm
(2.84 eV) and 447.6 nm (2.77 eV) are related to the hopping from
different defect levels to the O,P level [30]. Blue green emission at
481nm (2.58 eV) and 490 nm (2.53 eV) are due to the surface defects in
the CeO, nanoparticle. A good green emission at 545 nm (2.23 eV) is
due to the presence of oxygenvacancies incorporated during the
preparation of the CeO, sample [31]. All samples show a good strong
blue emission at 466 nm(2.66 eV), which is due to the presence of
abundant defect states. The present results are consistent with that

reported for CeO, in the literature [32].
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Fig.3.13 Photoluminescence spectra of CeO, nanoparticles

It can be seen from Fig.3.13 that the PL emission bands are red
shifted as calcination temperature is increased, due to crystallite size
variation. Moreover, it can be seen that intensity of PL spectra decreases
as calcination temperature increases. It is interesting that PL intensity as
well as photocatalytic activity of nanoceria can be modified by choosing
suitable calcination temperature [15]. The broad emission band ranging
from 350 to 575 nm of all the samples could be the result of defects,
including oxygen vacancies in the crystal with electronic energy levels
below the 4f band [33]. As PL of nanoceria shows strong emission at 466
nm (due to defects such as dislocations), it can be used as an excellent
oxygen ion conductor. This property of nanoceria can be used for

developing efficient solid oxide fuel cells.
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Fig.3.14 exhibits the CIE chromaticity diagram of the calcined
samples of CeO, nanoparticles. The xand y chromaticity co-ordinates
under the excitation of 330 nm are calculated in CIE XYZ colour space
and are given in Table 3.6.The greenish-blue emission is obtained with
CIE coordinates(0.18846, 0.26176), (0.18419, 0.24967), (0.20661,
0.28346) and (0.20521, 0.28132) for the samples S1,S2,S3 and S4,
respectively. This result is also consistent with the PL spectra of the
samples. Moreover, CeO, nanoparticles can be used to construct near

ultraviolet (NUV) light excited LEDs.

Table 3.6 Chromaticity co-ordinates of S1, S2, S3 and S4

Sample S1 S2 S3 S4
x 0.18846 0.18419 0.20661 0.20521
y 0.26176 0.24967 0.28346 0.28132

Fig.3.14 CIE chromaticity diagram of CeO, nanoparticles
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3.3.4 Electrical properties

The electrical studies have been done by following the procedure
given in Section 2.4.4. The samples S1, S2,S3 and S4 are consolidated in
the form of cylindrical pellets of diameter 13 mm and thickness 1.2 mm
by applying a pressure of ~ 7GPa using a hydraulic press. Dielectric and
AC conductivity measurements are carried out using an impedance

analyzer (Wayne Kerr H-6500B model).

3.3.4.1 Frequency and temperature dependence of dielectric constant

The variation of dielectric constant with frequency of sample S1
at temperatures from 303 to 423 K is shown in Fig.3.15. The observed
dielectric property is frequency dependent, which can be explained on
the basis of Maxwell-Wagner model [34].1t is noticed that the real part of
dielectric constant ¢’ for all temperatures has high values at lower
frequencies, which decreases rapidly as frequency increases and attains a
constant value at higher frequencies. For 303 K, the value of ¢"is 66 at
100 Hz, which is decreased to 8.7 at 10 MHz. At 393 K, the
corresponding values are 68 and 9.9. The corresponding values of
dielectric constant at 423 K are 183.1 (100 Hz) and 18.6 (10 MHz),

respectively.

The dielectric behaviour of the nanomaterial is due to different
types of polarization present in the material. The dielectric structure is

composed of a highly conducting grain separated by relatively poor
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conducting grain boundaries. This causes localized accumulation of
charges under the influence of electric field, which produces interfacial
polarization. The effect of grain interfaces is highly observable at lower
frequencies where ¢’ is large. The space charge polarization at the
interfaces can also be contributed to the dielectric permittivity at lower
frequencies [35]. When the frequency is increased, the dipoles will no
longer be able to rotate rapidly. As a result, their oscillations begin to lag
behind those of the applied field. As the frequency is further increased,
the dipole will be completely unable to follow the field and the
orientation stopped. For this reason, ¢" decreases at a higher frequency

approaching a constant value due to the interfacial polarization [35].

As can be seen from Fig.3.15, the dielectric constant increases
with increase in temperature, which is mainly due to the polarization of
interfacial dipoles that are strongly dependent on temperature [30]. When
temperature increases, the accumulation of charges on the grain
boundaries increases and hence, an increase in the interfacial polarization
occurs at lower frequencies. Therefore the dielectric polarization
increases, resulting in an increase of ¢’ with temperature at lower

frequencies.
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Fig. 3.15 Variation of dielectric constant (g¢) with
frequency of sample S1 at different temperatures

Fig.3.16 shows a similar variation of dielectric constant with
frequency for all the calcined samples at 303 K, but the values are shifted
downward with the increase of calcinations temperature. This may be
due to high particle size caused by calcination process. As calcinations
temperature increases, grain boundary increases and grain density
decreases due to lattice expansion. This leads to the reduction in
interfacial polarization and dielectric constant. Sample (S1) calcinated at
400°C has a large value of dielectric constant. The value of &'changes
from 57 at 100 Hz to 9at 10 MHz for sample S2, while its value changes
from 48 to 1.6 for sample S3, and from 37 to 1.15 for sample S4,

respectively.
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Fig. 3.16 Variation of dielectric constant (&) with
frequency of samples S1, S2, S3 and S4 at 303 K

The dielectric constant €’ for CeO, reported in literature is 52 [36],
however, the present value is 66 (S1). The enhancement of & might
occur due to the increase of ion mobility due to the expansion of lattice
spacing. The lattice expansion might occur due to the presence of oxygen
vacancies and reduction of Ce*" cations to Ce®" cations. CeO,
nanoparticles with high values of ¢’ (66 (100 Hz) at room temperature;
183 (100 Hz) at 423 K) at low frequencies are suitable for silicon-based
devices such as gate dielectric in complementary metal oxide
semiconductor (CMOS) devices. To keep the capacitance of the MOS
capacitor above certain limits for the better performance, SiO, can be
replaced with a high dielectric constant material like CeO,, which would

enable the use of thicker gate layer so that the leakage current through
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the device is reduced and thereby improve the gate dielectric reliability

[37,38].

3.3.4.2 Frequency and temperature dependence of loss tangent

In nanomaterials, impurities, defects and space charge formation
in the interface layers together produce an absorption current causing a
dielectric loss [39]. Tangent loss (7and) is the loss of electromagnetic
energy propagating inside a dielectric material. As the frequency of the
applied field increases the absorption current gets reduced and hence, the
dielectric tangent loss will be decreased as shown in Fig.3.17. The
hopping probability per unit time increases with increase in temperature,
as a result the loss tangent also increases [40-42]. The loss in CeO, can
be explained by the electronic hopping model, which considers the
frequency dependence of the localized charge carriers hopping in a
random array of centres. This model is applicable for materials in which
the polarization responds rapidly to the appearance of an electron on any
one site, so that the transaction occurs effectively into the final state [43].
In the high frequency region, Tand becomes almost constant because the
electron exchange interaction (hopping) between the Ce’* and Ce**
cannot follow the alternatives of the applied electric field beyond a
critical frequency. At higher frequency end, the loss factor is caused by
the conversion of movement of charges into vibration of the

lattices(phonons) [44].
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Fig.3.17 Variation of loss tangent (7ano) with frequency
of sample S1 at different temperatures

It is found that the values of Tano initially decrease rapidly with
frequency and then decrease at a slower rate. For sample S1 at 303 K,
value of Tano is7 at 100 Hz which decreases slowly to 0.199 at 10MHz.
At 393 K, the corresponding variation is from 13 to 0.15. For 423 K,
Tan 6 has a value of 19.53 at 100 Hz which decreases to 0.75 at 10 MHz.
The variation of Tano with frequency for different samples at room
temperature is shown in Fig.3.18. The figure shows that loss tangent
decreases with the increase in calcination temperature. It can be seen that
the sample S1 calcinated at 400 °C has a large value for the loss tangent
(Tano) at room temperature. At 100 Hz, the Tano value are7.2, 6.6, 5.2

and 4.3 for the samples S1,S2, S3 and S4, respectively.
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Fig. 3.18 Variation of loss tangent (7and) with
frequency of samplesS1, S2, S3 and S4 at 303 K

As calcination temperature increases, volume percentage of
interface boundaries and amount of defects that cause various kinds of
polarizations might decrease [35]. Hence, the values of dielectric loss
tangents lower with respect to rise in calcination temperature. Nanoceria
with low values of dielectric constant and loss tangent at higher
frequencies is important for the fabrication of materials for ferroelectric,

photonic and electro-optic devices [39].
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3.3.4.3 Frequency and temperature dependence of AC conductivity

s 51(303K)
— 51(393K)
1A —— $1(423K)
1.2E-4
E
‘E 1.0E-4
2
£ 8.0E-5
3
3 6.0E-5
=
8
S 4.0E-5
<
2.0E-5
0.0
2 3 4 5 6
Log f (Hz)

Fig.3.19 The variation of AC conductivity with frequency
of sample S1 at different temperatures

The variation of AC electrical conductivity as a function of
frequency for sample S1 is shown in Fig. 3.19. At low frequencies, AC
conductivity (o,.) has a small value which increases at higher
frequencies. The values are shifted upwards as the temperature is raised.
It is clear from the figure that the conductivity increases as frequency is
increased. Microstructure of the samples plays a major role in the
frequency dependence of the conductivity. Also, CeO, shows mainly

electronic and ionic conductivity in air [45].
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Fig.3.20 Variation of AC conductivity with frequency of
samples S1,S2, S3 and S4 at 303 K

When temperature increases, there is easy transition of charge
carriers from valence band to conduction band due to small-size of
particles in the sample, resulting in increased conductivity [46, 47]. The
high temperature electrical conduction occurs due to jumping (hopping)
of electrons from Ce’* ion to a neighbouring Ce** ion [48]. For sample
S1, the maximum conductivity at 303K is 1.02x10™ S/m. But at 393 and
423 K, the AC conductivity values are 1.17 x 10™* S/m and 1.28x10™* S/m
respectively. The variation of g, for samples S1, S2, S3 and S4 at 303 K
is shown in Fig. 3.20. It is found that the AC conductivity decreases with
increase in calcination temperature. Higher calcination temperature
reduces the grain boundary density as well as the electron density, which

in turn reduces conductivity.
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According to Elliot’s barrier hopping model, the AC conductivity,

0, = nw2NNpe ’wa6/24, 3.1)

where 7 is the number of polarons involved in the hopping process, NNp
is proportional to the square of the concentration of states and R,, is the
hopping distance [48, 49]. The hopping distance decreases with increase

in calcination temperature, which in turn decreases o, as is evident from

the Eq. 3.1.
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Fig.3.21 Log(o,.) versus log(w) plots of the sample
S1 at different temperatures

Fig.3.21 shows the variation of log o,.(®) with frequency of the
sample S1 at different temperatures. Values of the frequency exponent S
are calculated from the slope of the straight lines of the data in Fig. 3.21.
It is observed that S decreases with increase in temperature from 0.676 to
0.660 (Fig. 3.21). All the observed S values are less than unity, which is

in agreement with the barrior hopping model[50].
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3.4 Conclusions

>

Nanostructured CeO, particles have been successfully synthesized
by chemical precipitation technique using cerium nitrate and
ammonium carbonate.

Effect of calcinations temperature on the structural, optical and
electrical properties of synthesized samples are studied.

The structural characterization results confirm the nanocrystalline
nature and cubic fluorite structure of CeQO,.

The calcination of nanoceria samples results in structural
modifications such as increase in intensity of diffraction peaks,
increase in crystallite size, decrease in micro-strain and dislocation
density and decrease in lattice constant and unit cell volume.

FTIR and Raman spectra studies confirm the successful formation
of nanoceria with fundamental modes and the observed shifts in the
spectra reveal a significant effect of calcination process.

Raman bands are red shifted and their intensity is found to increase
with increase in calcination temperature. The observed optical band
gap is very close to the reported value and is found to decrease with
increase in calcinations temperature.

PL bands are modified and shifted towards blue region with
increase in calcination temperature, which is attributed to the
surface structural modifications and particle size variation caused

by calcinations.
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»  PL emission for all the samples is found to be in the greenish-blue
region showing their potential use for making near UV (NUV) light
excited LEDs and solid oxide fuel cells.

»  Electrical characterization also exhibits a profound effect of
calcination temperature for the synthesized samples.

»  The dielectric constant and tangent loss are found to be decreased
for all the samples with increase in frequency.

»  The room temperature dielectric constant (¢") of CeO, nanoparticle
sample calcined at 400°Cis 66 atl00 Hz, which constitutes the
highest value ever reported.

»  The AC conductivity of nanoceria is found to be high for higher
frequencies at a given temperature showing small polaron hopping
in the samples, which is confirmed using Jonscher’s universal
power law. Besides, the AC conductivity values are shifted
upwards as the temperature is raised.

»  The values of dielectric constant, dielectric loss tangent and AC
conductivity are decreased as calcination temperature is raised.

»  The nanophase CeO, can be a promising material for the high
dielectric gate in CMOS devices because of its higher dielectric
constant, desired structural and compositional properties.

»  The desired structural and optical properties of CeO, nanoparticles
make it as a potential material for cosmetic, photcatalytic and

optoelectronic applications.
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Chapter

EFFECT OF 8 MeV ELECTRON BEAM
IRRADIATION ON THE THERMAL,
STRUCTURAL, OPTICAL AND
ELECTRICAL PROPERTIES OF
NANOCERIA

4.1 Introduction

Studies on the use of electron beam irradiation for modifying the
surface properties of nanoparticles are sparse. Most of these studies
prove that electron beam irradiation is an efficient method to improve the
optical and electrical performance of nanomaterials. The dose dependent
effects of 8 MeV electron beam irradiation on the thermal, structural,
optical and electrical properties of cerium oxide nanoparticles are
presented in this chapter. Synthesis procedures adopted for the
preparation of cerium oxide nanoparticle used in this study are clearly
described in Section 3.2. The experimental details about the electron
beam irradiation are mentioned in Section 2.5. CeQO, nanoparticles
calcined at 400°C are electron irradiated at a dose of 0, 5 and 10 kGy
and are designated as Sl Sls) and Sl respectively. A comparative
study of thermal, structural, optical and electrical properties of bare

(S1¢y) and EB irradiated samples are also presented in this chapter.
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4.2 Results and discussion
4.2.1 Thermal analysis

The thermal studies of of bare and EB irradiated CeO,
nanoparticle samples are carried out by Perkin Elmer STA 6000. The
samples are heated from 40 to 850°C at a rate of 20°C/min.
TGA/DTA/DTG curve of bare and EB irradiated CeO, samples are
presented in Fig.4.1. TGA curves for irradiated samples show a
continuous weight loss up to 650°C. In this, the weight loss from 40 to
200°C is attributed to the loss of moisture and trapped solvents [1]. But,
the weight loss from 200 to 650°C is mainly due to the
combustion/decomposition of the organic residues. The DTG curve of
sample S1, shows a very strong peak at 243°C with a weight loss of
4.756 mg/min. However, this peak is found to shift towards the lower
temperature side for the EB irradiated samples. For the DTG curve of
Sl a strong peak is found at 74.77°C  with a weight loss of 0.227
mg/min. Fig.4.1 shows that the DTG curve dependence on the EB
irradiation dose. The nature of DTA curve is almost identical in the
irradiated samples. A sharp exothermic peak is observed at 249°C in the
DTA curve of cerium oxide bare sample. But, the peak is not observed in

DTA curves of the EB irradiated samples.
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Fig4.1 TGA/DTA/DTG curves of bare and EB irradiated CeO,
nanoparticles
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4.2.2 Structural characterization
The structural analyses of bare and EB irradiated nanoceria
samples are carried out by following the procedure described in Section

2.4.2.

4.2.2.1 Powder XRD analysis

The powder X-ray diffraction patterns of the bare and EB
irradiated samples are collected by reflection mode with Cu-K,, radiation
(A= 1.5406 A) using Bruker D8 Advance X-ray diffractometer (step size
=0.020° step time = 32.8 s and 40 kV, 35mA). The XRD spectra of bare
and EB irradiated samples are given in Fig.4.2. All peaks in the patterns
could be indexed on the basis of a face-centered cubic fluorite structure
for CeO, in the JCPDS No:81-0792, space group Fm3m (225) [2]. It is
observed that both bare and electron irradiated samples have identical
diffraction peaks. The average crystallite sizes calculated using Scherrer
equation [3], for samples S1), Sls) and Sl are 7.3, 5 and 6.4 nm,
respectively. When CeO, sample is subjected to an electron dose of 5
kGy, crystallite size decreases from 7.3 to 5 nm. However, when the
electron dose is increased to 10 kGy, the crystallite size increases from
5 to 6.4 nm. This increase in size of the of sample (S1(p) is due to
electron energy induced coalescence of the grains [4]. These results
indicate that the crystallite size of CeO, nanoparticles can be tuned by

suitable electron dose.
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Fig.4.2 XRD patterns of bare and EB irradiated CeO, nanoparticles

It can be seen from Fig. 4.2 that the intensity of XRD peaks for

electron irradiated samples are decreased. But, FWHM of the electron

irradiated samples are found increased. The decrease in intensity of the

peak and increase of FWHM indicate the grain size reduction due to EB

irradiation [2]. EB irradiated samples also show a slight shift in their

peak positions (260) towards lower angle side, which in turn results in an
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increase of lattice spacing. The increase in lattice spacing is due to the
residual stretching strain induced by irradiation. It is reported that due to
residual stress, strain is generated in the sample by stretching or
compressing the bonds between atoms [5]. The lattice constant a and
unit cell volume (V=a’) for bare and EB irradiated CeO, nanoparticles
samples are compared in Table 4.1. W-H plots [6] of EB irradiated
nanophase cerium oxide samples are shown in Fig. 4.3. The average
particle size and micro-strain are estimated using W-H method as
described in Section 2.4.2.1. It can be observed that the crystallite size
calculated from Scherrer equation agree with that estimated from
Williamson—Hall plot. The dislocation density (8) calculated for the
sample S1) Sl and Sl are 0.0188, 0.04 and 0.0244, respectively.
Table 4.1 confirms that unit cell volume, lattice spacing, micro-strain and
dislocation density values are large in electron beam irradiated samples
and are dose dependent. Nanoparticles with a size range of 4-10 nm
suffer local distortions on the cubic fluorite structure as a consequence of
defects in the oxide lattice [2]. The increase in micro-strain and
dislocation density, and broadening of XRD peaks of ceria might occur
due to the presenceof O vacancies, structural imperfections and surface
effects caused by EB irradiation [2]. In short, electron beam irradiation
modifies the structural properties of cerium oxide nanoparticles by
changing their crystallite size, lattice spacing, unit cell volume, micro-

strain and dislocation density.
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Table 4.1 Structural parameters of bare and EB irradiated CeO,

nanoparticles
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Fig.4.3 W-H plots of bare and EB irradiated CeO, nanoparticle
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4.2.2.2 TEM analysis

Structural features of bare and EB irradiated nanocrystalline
CeO, samples are examined by JEOL MODEL JEM-2100 electron
microscope operated at 200 kV and the TEM images are displayed in
Fig. 4.4. Fig.4.4(a) of all samples shows that particles are not exactly
spherical in shape and are agglomerated. From the TEM bright field
images (Fig.4.4(a)), it is observed that there is a slight change in
morphology of CeO, nanoparticles due to electron beam irradiation.
Polycrystalline nature of the sample is evident from HRTEM images
(Fig.4.4(b)). The SAED patterns of the samples are presented in Fig. 4.4
(c). In the electron irradiated samples, more bright spots are seen, and
each spot is formed due to Bragg refection from individual crystallite.
The average particle size estimated from TEM images is around 9, 6.5
and 7.2 nm for samples S1, Sl and S10, respectively, which agree
with the XRD results. The average size of the CeO, particles is found to
increase from 6.5 nm for the sample Sl;s) to 7.2 nm for the sample

Sl(]()).
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Fig.4.4 TEM images of bare and electron beam irradiated CeO,
nanoparticles (a) bright field images (b) HRTEM and (c) SAED patterns

4.2.2.3 SEM analysis

The surface morphology of samples are analyzed by a scanning
electron microscope JEOL MODEL JSM-6390LV, operating at 20 kV.
SEM images of cerium oxide nanoparticle samples S1), Sl and S1
are presented in Fig.4.5. Effect of electron beam irradiation on the
morphology of CeO, nanoparticle 1is clearly seen in the figure. It is

noticed that, nanostructures are not in uniform size and shape. From
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Fig.4.5, it is observed that most of the clusters are broken into small

fragments upon electron irradiation.
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Fig.4.5 SEM images of bare and EB irradiated CeO, samples
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4.2.2.4 FTIR analysis

FTIR spectra of the sample materials are recorded by FTIR
spectrophotometer (Thermo Nicolet, Avatar 370) in the range 4000 to
500 cm™'. The FTIR spectra of the samples S1), S1(s) and S1(¢) in the
transmission mode are presented in Fig.4.6.The spectra show all
principal vibrational modes, which are in good agreement with literature
[7-11]. The absorption band near 848 cm™ is the typical peak for the Ce-
O stretching vibrations [10, 11]. From Figure 4.6, a slight change in the
peak position of the irradiated samples is observed, which is due to

particle size variation caused by EB irradiation.
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Fig.4.6 FTIR spectra of bare and EB irradiated CeO, nanoparticles
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4.2.2.5 Raman spectroscopy

Raman spectroscopic studies are capable of detecting small
changes in crystal structure and extensively used in the analysis of the
irradiation damage [12]. The cubic structure of cerium oxide nanoparticle
samples are further confirmed by Raman spectra studies, which are
collected at room temperature using Bruker FRA/106/S Raman
spectrometer. The spectra are recorded from 50-700 cm™. Fig.4.7 shows
the Raman vibrational modes of bare and EB irradiated CeO, samples.
Raman active modes of CeO, samples S1p, Sl and S0, are 462.49,
461 and 461.99 cm'1 respectively, as shown in Table 4.2. This mode is
attributed to the fluorite structure, which is due to symmetrical stretching
mode O atoms around each cerium ions, and is sensitive to any disorder
in the oxygen sub-lattice resulting from thermal, doping or grain size
induced non-stoichiometry [13,14]. Fig.4.7 shows that the Raman bands
for the EB irradiated samples S1s, and S1(y) are slightly modified and
shifted towards the small wave number side. In addition to this, a
decrease in Raman intensity for the irradiated samples is observed. These
variations could be due to the decrease in vibrational amplitudes of the
nearest neighbor bonds due to particle size variation induced by electron
beam irradiation [2]. This evolution of the Raman band can also be
attributed to the combined effect of phonon confinement and

inhomogeneous strain [15, 16].
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Fig.4.7 Raman spectra of bare and EB irradiated CeO, nanoparticles

Table 4.2 Raman modes of bare and EB irradiated CeO, nanoparticles

Sample Raman mode (F,,) cm™
S1) 462.49

S1s 461

S110) 461.99

4.2.3 Optical properties

UV-Vis absorption and photoluminescence spectra of the bare

and EB irradiated CeO, nanoparticles are presented in this section. The

analysis are carried out by following the procedure as given in Section

2.4.3.
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4.2.3.1 UV-visible absorption spectroscopy

Absorption spectra of bare and EB irradiated CeO, nanoparticles
are collected by a double beam UV-Visible spectrophotometer
(Shimadzu UV-2600 model). Kubelka Monk transformation is used for
measuring absorbance, which is recorded as a function of wavelength as
seen in Fig.4.8. All the samples show good absorption below 400 nm,
and a broad absorption peak is observed around 243 nm. The absorption
of CeO, in the UV region originates from the charge-transfer transition
between the O 2p and Ce 4f states in O~ and Ce*" [1]. This absorption is
much stronger than the 4f'-5d" transition from the Ce™* species in the
mixed valence CeO, system [17]. It can be observed a slight rise in the
intensity of absorbance spectra for the electron irradiated samples, which
may be due to Ce nucleation and electronic as well as structural defects

created during EB irradiation [18].

Direct band gap (E,) of the samples are determined from Tauc
plot by fitting absorption data to direct transition equation [19]. Tauc plot
for the samples irradiated with a dose of 0, 5 and 10 kGy are displayed in
Fig.4.9. Optical band gap energy values obtained for CeO, samples S1 ),
Sl and Sy are 3.42, 3.59 and 3.45 eV respectively. The band gap
modification indicates particle size variation due to EB irradiation. The
spacing of the electronic levels and the energy band gap is highly
dependent on the particle size [20]. Besides, improvement in the intensity
of the absorption peak suggests that the irradiation produces sufficient

defects [6, 21, 22]. In brief, EB irradiation modifies optical properties of
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CeO, nanoparticles as a result of changes in their structural parameters

due to electron irradiation [23].
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Fig.4.9 Tauc plot of bare and EB irradiated CeO, samples

4.2.3.2 Photoluminescence spectroscopy

PL emission spectra of bare and EB irradiated CeO, nanoparticle

samples are recorded at room temperature using a Fluoromax-3

spectrophotometer. The emission spectra are recorded in the range 350—
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600 nm at an excitation wavelength of 330 nm using a slit width of 5 nm.
The PL spectra of EB irradiated samples are presented in Fig.4.10. The
nature of emission spectra for all the samples is almost the same. Both
the pure and irradiated samples of CeO, exhibit sharp blue emission band
at 448 nm (2.77 eV) and 466 nm (2.66eV). It is also observed a blue
green emission at 470 nm (2.64 eV) and 489 nm (2.54 eV). The blue
emission is due to the charge transition from Ce 4f band to O 2p band
(valence band) of CeO, nanoparticles [24]. The strong emission at 466
nm (2.66 eV) is related to the defects such as dislocations, which is
helpful for fast oxygen transportation. The irradiated samples show much
larger luminescence intensities relative to pure sample, which may be
due to high defect concentration and particle size variation [2]. The
increase in PL intensity for the irradiated samples is attributed to the
recombination of self-trapped excitons, which is a combined effect of
defect centres generated by oxygen vacancies, small particle size and

increased absorption over the UV and visible range [22].
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Fig.4.10 PL spectra of bare and EB irradiated CeO, samples
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It is interesting that crystallite size greatly reduced when the
sample is exposed to 5 kGy dose. But, when the electron irradiation dose
is increased to 10 kGy, the crystallite size is found to be slightly
increased. Hence, number of fluorophores get reduced, which lead to a
slight decrease in the PL intensity of Sl sample. EB irradiated
samples show an additional shoulder peaks at 540 nm (2.29 eV) due to
defect generation. The sample irradiated with a dose of 5 kGy shows
additional bands at 396, 409 and 418 nm. Peaks at these wavelengths are
originated from defect states existing extensively between the Ce 4f state
and O 2p valence band [25]. Briefly, the method of electron beam
irradiation is an efficient method for creating structural changes which
in turn produce stable and high luminescent CeO, for various

optoelectronic applications [2].

Fig.4.11 exhibits the CIE chromaticity diagram of the bare and
EB irradiated samples of CeO, nanoparticles. The x and y chromaticity
co-ordinates under the excitation of 330 nm are calculated in CIE XYZ
colour space and are given in the Table 4.3. The greenish-blue emission
is obtained with CIE coordinates (0.18846, 0.26176) and (0.14563,
0.22959) for the samples S1 () and S1(s) respectively. The sample S1 0,
shows blue-green emission. This result is also consistent with PL spectra
of the samples. The results confirm that CeO, nanoparticles can be used

to construct near ultraviolet (NUV) light excited LEDs.
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Table 4.3 Chromaticity co-ordinates of S1y,, S1(s and S1(y,

Sample Sl Sl S1ao)
X 0.18846 0.14563 0.16053
y 0.26176 0.22959 0.30065

0.2 03 04 05 06 0.7

Fig.4.11 Chromaticity diagram of bare and EB
irradiated CeO, nanoparticle samples

4.2.4 Electrical properties
In order to understand the effect of electron beam irradiation on

the electrical properties of CeO, samples, beam irradiated powder
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samples are consolidated in the form of cylindrical pellets of diameter
13 mm and thickness 1.4 mm. Both the faces of the pellets are coated
with air drying silver paste for good electrical contact. Dielectric
measurements as a function of frequency in the range of 100 Hz—10
MHz are measured at room temperature (303 K) using Wayne Kerr H-

6500B model impedance analyzer.

4.2.4.1 Frequency dependence of dielectric constant

The variation of dielectric constant with frequency at room
temperatures for samples S1g), S1s) and S1(0)are shown in Fig.4.12. It
can be seen that the EB irradiated samples show high dielectric constant
at low frequencies, which decreases rapidly as frequency increases and
attain a constant value at higher frequencies. The dielectric behavior of
cerium oxide nanoparticle as a function of frequency is explained in the
Section 3.3.4.1. The dielectric constant €' of sample Sl is 66 at 100
Hz, which is changed to 1750 when it is irradiated with a dose of 5 kGy
electron beam. But when the dose level is increased to 10 kGy, &’
changes to 481. The modification in ¢' indicates grain size variation due
to beam irradiation. Upon irradiation, the increase in grain boundary
creates more number of defects, which results in the formation of a large
number of dipoles that governs its dielectric properties by increasing
interfacial polarization [26]. Besides, EB irradiation of suitable dose can

create high concentration of defects, free radicals and unsaturated bonds

that promote high dielectric constant for the irradiated samples.
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Fig.4.12 Variation of dielectric constant with frequency at room
temperature for bare and EB irradiated CeO, nanoparticles

\

4.2.4.2 Frequency dependence of loss tangent

The variation of dielectric loss with frequency at room
temperature for sample S1), S1s) and Sl are presented in Fig.4.1
The electron irradiated samples show high dielectric loss than the bare
sample. The room temperature loss tangent value of cerium oxide
nanoparticle i1s 7 at 100 Hz. The value is elevated to 64 when the sample
is exposed to SkGy dose. When the EB dose is increased to 10 KGy, the
dielectric loss is decreased to 16. In dielectric materials, generally
dielectric loss occurs due to absorption current. In many cases, EB
irradiation causes amorphization, which produce disorder in the

nanomaterial. As a result, defects and space charge formation in the inter
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phase layers of the material increases. This will produce more absorption

current and hence, large dielectric loss.
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Fig.4.13 Variation of tangent loss with frequency at room
temperature for bare and EB irradiated CeO, nanoparticles

4.2.4.3 Frequency dependence of AC conductivity

Fig.4.14 shows the frequency dependent AC conductivity of bare
and electron irradiated CeO, nanoparticles. It can be seen that EB
irradiated samples have more AC conductivity than non irradiated
sample due to grain size reduction. EB irradiation leads to faster ionic
transport in the material, which results in high conductivity. It is
observed that AC conductivity of Sl at 303 K is changed from
1.02x10* S/m to 3.5x10™*S/m when it is irradiated with EB of 5 kGy
dose. The increase in AC conductivity with frequency (Fig. 4.14) reveals
that more free charges are involved in the hopping process through the

defective sites [26].

Synthesis and characterization of cerium oxide nanoparticles and their composites... 123




Chapter-4

4.0E-4
3.5E-4 S,
3.0E-4 $1,,
2.5E-4 S1 .0,
2.0E-4
1.5E-4

1.0E-4

AC conductivity (S/m)

5.0E-5
0.0

2 3 4 5 6
Log f (Hz)

Fig.4.14 Variation of AC conductivity with frequency at room
temperature for bare and EB irradiated CeO, nanoparticles
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Fig.4.15 Log(o,.) versus log(w) plots of bare and EB irradiated
CeO, samples
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Fig.4.15 shows the log(o,.) versus log(w) plots of bare and EB

irradiated CeO, nanoparticles. The frequency exponent § is determined

from the slope of log (o,.) versus log (o) plot . The obtained S values

are 0.676, 0.443 and 0.646 for the samples Sl Sl and Sl

respectively. The value of § that lies between 0 and 1, which indicates

that

the AC conduction follows frequency dependent hopping

mechanism [27,28].

4.3 Conclusions

>

The effect of 8 MeV electron beam irradiation on the properties of

cerium oxide nanoparticles are investigated.

A comparative study of thermal, structural, optical and electrical

properties of bare and EB irradiated (5kGy and 10kGy) samples is

conducted.

The EB irradiation of CeO, nanoparticles confirms changes in

physical properties such as, structural modifications, improvements

in optical and PL spectra and advances in dielectric properties.

XRD results show that the electron beam irradiated samples exhibit

a decrease in crystallite size and the effect is more prominent in 5

kGy dose. It affects the structural properties of cerium oxide

nanoparticles by introducing defects.

Electron beam irradiation modifies the structural properties of

cerium oxide nanoparticles by changing their crystallite size, lattice

spacing, unit cell volume, and micro-strain and dislocation density.
FTIR and Raman bands are modified upon electron beam

irradiation.
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> The optical band gap energy values obtained for CeO, samples S1 ),
S1(syand Sl are 3.42, 3.59 and 3.45 eV, respectively. The band
gap modification attributes particle size variation due to EB
irradiation. Improvement in the intensity of the absorption peak
suggests that irradiation produces sufficient defects. In short, EB
irradiation significantly affects particle size and hence the absorption
properties.

» EB irradiated samples exhibit large PL intensities due to particle size
variation and large concentration of defects.

» EB irradiation produces high dielectric constant, dielectric loss and
AC conductivity for cerium oxide nanoparticles. The dielectric
constant of nanoceria is changed from 66 to 1750 at 100 Hz, when it
is irradiated with a dose of 5 kGy electron beam. EB irradiation
results large absorption current, which produce increase in dielectric
loss. Besides, EB irradiation leads to faster ionic transport in the
material, that results in high AC conductivity.

» The present investigation confirms particle size reduction and
structural modifications of CeO, nanocrystals, which are evidenced
by XRD, TEM, SEM, FTIR, Raman, UV-visible absorption, PL
and electrical studies.

> Based on the systematic observations, it is concluded that electron
beam irradiation is efficient method for modifying the physical

properties of cerium oxide nanoparticles for potential applications.
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Chapter

STUDIES ON THE THERMAL,
STRUCTURAL, OPTICAL AND
ELECTRICAL PROPERTIES OF
CeO,/CoPc NANOCOMPOSITE

5.1 Introduction

Metal Phthalocyanines (M-Pc) are important functional materials
in many fields due to their efficient electron transfer abilities. The
combination of M-Pc, an organic semiconducting material, with cerium
oxide, an inorganic semiconducting material can offer novel properties
for potential applications because of the potential of combining distinct
physical properties. The organic materials exhibit high thermal
properties,  distinctive chemical properties, nontoxicity, semi
conductivity and interesting optical properties [1]. Inorganic metal oxide
nanoparticles provide the potential for high carrier mobility, band gap
tunability, thermal and mechanical stability and a range of magnetic and
dielectric properties [2]. This chapter deals with the synthesis of cerium
oxide/cobalt phthalocyanine nanocomposite. To date, no studies have
been reported on the structural, optical and electrical properties of

CeO,/CoPc nanocomposite. Impact of the presence of cobalt
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phthalocyanine on the properties of nanoceria is also discussed in this
chapter.
5.2 Synthesis of CeO,/CoPc nanocomposite

The CeO,/CoPc composite is synthesized by solvent evaporation
method. 1 wt% of CoPc (wt% is the mass ratio of CoPc to CeQO,) is
dissolved in a solvent mixture containing 50% dimethyl sulphoxide, 30%
dimethyl formamide and 20% ethanol at 60°C. Required amount of the
synthesized CeO; (S;) [3] is slowly added to this mixture solution under
constant stirring and heating, resulting in a suspension with
homogeneous appearance. After complete solvent evaporation, the
composite is dried at 100°C in a hot air oven for 15-20 h to get the
sample in powder form. The synthesized CeO, nanoparticles and
CeO,/CoPc nanocomposite samples are denoted as S1 and ClI,
respectively. Fig.5.1 represents the scheme of preparation of CeO,/CoPc

nanocomposite.

CeO, nanoparticles

After
Solvent
| Evaporation

1wt % CoPc + ‘ -
CeO,/CoPc
nanocomposite

50% dimethyl Sulphoxide 4
30% dimethyl fFormamide 4
20 % ethanol

heating 100°C

N Stirring at 60°C (15-20h)

Fig.5.1 Scheme of preparation of CeO,/CoPc nanocomposite
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5.3 Results and discussion
5.3.1 Thermal analysis

Thermogravimetric and differential thermal analysis of the bare
and composite samples are carried out using Perkin Elmer STA 6000.
TGA/DTA/DTG curves of CeO, nanoparticles and CeO,/CoPc
nanocomposite samples are displayed in Fig.5.2. Thermal analysis of the
bare CeO, sample has been described in Section 3.3.1. TGA curves for
samples C1 shows a small weight loss from room temperature to 700°C.
Weight loss from room temperature to 400°C is due to residual water
evaporation. The decomposition of CoPc pyrolyzed between 500 and
1000°C [4]. However, from 400 to 600°C, the weight loss is due to
partial decomposition of macrocyclic structure, where low weight atoms
(H and part of N) are eliminated from CeO,/CoPc [5]. The DTG curve of
sample C1 shows a strong peak at 68°C. The weight loss at this region is
0.024 mg/min, which is due to the combustion of organic residues
produced during the crystallization of residual amorphous phase. A
small increase in weight after 600°C is representing pure phase
formation. The sharp exothermic peak at 249°C (DTA) of cerium oxide
bare sample is not observed in nanocomposite sample. Moreover, the
TGA/DTA/DTG studies show that S1 and C1 are thermally stable in the

range 100-700°C.

Synthesis and characterization of cerium oxide nanoparticles and their composites... 133




Chapter-5

-TGA -DTA -DTG
| | C1

0.02

' 68.11°C ( -0.024 mg/min)

Heat flow endo down (mW)
Derivative weight (mg/min)

100 200 300 400 500 600 700
Temperature (°C)

Heat flow endo down (mW)
Derivative weight (mg/min)

100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig.5.2 TGA/DTA/DTG curves of CeO, nanoparticle and CeO,/CoPc
nanocomposite

5.3.2 Structural characterization
The structural characterization of the synthesized nanocomposite
sample is carried out by following the procedure described in Section

2.4.2.

134 Synthesis and characterization of cerium oxide nanoparticles and their composites




Studies on the Thermal, Structural, Optical and Electrical Properties of CeO2/CoPc Nanocomposite

5.3.2.1 Powder XRD analysis

The structural properties of the synthesized nanocomposite is
studied by XRD using Bruker D8 advance X-ray diffractometer in
reflection mode (A= 1.5406 A, step size = 0.020°, dwell time 65.6 s, 40
kV, and 35 mA) with Cu-Ka radiation in 26 range from 10 to 80°. Fig.
5.3 shows the XRD spectrum of CeO, nanoparticles (S1) and CeO,/CoPc
nanocomposite samples (C1). The diffractogram of C1 reveals that the
materials formed are nanocrystalline and shows good crystallinity. All
peaks present in the diffraction pattern of C1 represents the pure cubic
fluorite structure of CeO, (space group: Fm3m) with lattice constant a =
5411 A, which is in agreement with the JCPDS file No. 75-0076 for
CeO,. It is noticed that there is no change in the diffraction pattern of
nanophase CeQO, with the addition of CoPc. This may be due to the lower
loading of CoPc [6]. However, the intensity of peaks are relatively higher
in the nanocomposite sample. Average crystallite size estimated by
Scherrer equation for the samples S1 and C1 are 7.3 and 7.72 nm
respectively [7]. W-H plots of CeO, nanoparticles and nanocomposite
samples S1 and C1 are shown in Fig. 5.4. Table 5.1 compares the
structural parameters of CeO,/CoPc nanocomposite and CeO,
nanoparticles. Average particle size calculated from W-H analysis are
8.4 and 9 nm respectively for CeO, nanoparticles and CeO,/CoPc
nanocomposite [8]. These values are almost consistent with those

obtained from Scherrer equation. It can be seen from Table 5.1 that the
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crystallite size, d spacing and unit cell volume for the CeO, are slightly
modified with the addition of phthalocyanine. However, the micro-strain
and dislocation density values are slightly reduced in the nanocomposite,

which indicates the successful incorporation of CoPc in CeO,.

20 30 40 50 60 70 80
(111)

C1

1890

1260

630

ounts

-
s

1500 (111) s1

Intensity ii

1000

500

20 30 40 50 60 70 80
20 (Degree)

Fig. 5.3 XRD patterns of CeO, (S1) and CeO,/CoPc (C1)
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Table 5.1 Structural parameters of CeO, and CeO,/CoPc

< A >
Average particle % _ % 'z
) size (nm) g X2 o § = 8
= 2 | 8| ESoe| E| ¢
£ = 8D | 2 B < s E
< =) cy = S =5 - - = =
wn © 9Nz > o |
@ RS I = © =
Scherrer | W-H = § =
method | method .3 = 2
S1 7.3 8.4 5.403 | 3.1194 157.73 | 4.54 | 0.0188
C1 7.72 9 5410 | 3.124 158 4 |0.0168
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S 0.008 S
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Fig.5.4 W-H plots of CeO, nanoparticles and CeO,/CoPc nanocomposite
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5.3.2.2 TEM analysis

TEM images of nanocrystalline CeO,/CoPc samples are taken
from a JEOL/JEM 2100 (Source: LaB6 and voltage: 200 kV) and are
shown in Fig. 5.5. The TEM images of CeO, nanoparticle (S1) has been
discussed in Section 3.3.2.2. The bright field images demonstrate
(Fig.5.5(a)) that the particles are almost spherical in shape. The particle
size of C1 obtained from TEM images ranges from 6 to 9 nm which are
in agreement with the XRD results. HRTEM image indicates the
polycrystalline nature of C1. The appearance of strong diffraction spots

(SAED) rather than diffraction rings confirms the crystalline nature of

the nanocomposite.

b Lo
P

MOl

S
W R T
Fig.5.5 TEM images of CeO, nanoparticles and CeO,/CoPc nano
composite: (a) Bright field images, (b) HRTEM and (c) SAED patterns
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5.3.2.3 SEM and EDX analysis

The surface morphology of samples are analyzed by a scanning
electron microscope JEOL MODEL JSM-6390LV, operating at 20 kV.
SEM photographs of CeO, nanoparticle and CeO,/CoPc nanocomposite
samples are presented in Fig.5.6. It can be seen that particles are
agglomerated and are not in uniform size and shape. The photograph of

the sample contains irregular crystallized nanoparticle clusters.

X1,500 10pum 0001 11 45 SEI

,;}fef&*

20kV X1,500 10pm 11 45 SEI

Fig.5.6 SEM images of CeO, nanoparticles and CeO,/CoPc
nanocomposite
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For recording the EDX pattern, JEOL model JED-2300 with
Bruker X flash 6/10 EDS detectors are used. Fig.5.7 shows the EDX
analysis results of the composite C1. It shows that the prepared
nanocomposite contains Ce, Co, O, C and N. Thus, the EDX study
confirms the formation of CeO,/CoPc nanocomposite. The mass and

atom percentages of the sample are also presented in table 5.2.
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Fig.5.7 EDX pattern of CeO,/CoPc nanocomposite
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Table 5.2 EDX data of CeO,/CoPc nanocomposite

Element AN Series Nor. Atom wt. %
Wt. %
Ce 58 L 60.05 13.31
8 K 21.04 40.86
C 6 K 11.09 28.67
Co 27 K 7.71 17.09
N 7 K 0.12 0.06
Total 100 100

5.3.2.4 FTIR analysis

The FTIR spectra of CeO, and CeO,/CoPc nanocomposite
samples are recorded by Thermo Nicolet, Avatar 370 and presented in
Fig. 5.8. The spectra have several significant absorption bands recorded
in the range of 4000-500 cm™'. The absorption band at 848 cm™ is
observed in both S1 and C1, which is due to metal-O bond. This band
produced by CeO,, indicates the Ce-O stretching vibration [9, 10]. The
commonly used bands for orientation studies in phthalocyanines are 733
cm (C-H out-of plane deformation) and 1334 cm’! (C=C in-plane
stretching) [11,12]. The appearance of a band at 724 cm™' indicates the
presence of CoPc-a phase. This study confirms the successful attachment
of CoPc to CeO,. FTIR bands for CeO,/CoPc nanocomposite sample is

listed in Table 5.3, along with literature values of CoPc.
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Fig. 5.8 FTIR spectra of CeO, nanoparticles and CeO,/CoPc

nanocomposite

Table 5.3 FTIR band assignments of CeO,/CoPc nanocomposite

Sample C1 CoPc [10] Band assignment
522 - Ce-O stretching
724 721 C-H out-of-plane deformation
851 - metal-O bond
918 911 Metal ligand vibration
1051 - C-H in plane deformation
1090 1087 C-H in plane deformation
1127 1117 C-H in plane bending
1329 1334 C= C in- plane stretching
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5.3.2.5 Raman spectroscopy

Raman studies of the CeO, and CeO,/CoPc nanocomposite are
performed by Raman spectrometer, Bruker RFS-27, using Nd-YAG
laser, at room temperature. The Raman scattering spectra of CeO,/CoPc
nanocomposites are recorded in the spectral range of 500-3500 cm™, as
displayed in Fig.5.9. The frequency region 550—-1650 cm™ corresponds to
heavy atom-nitrogen (Co-nitrogen) in-plane stretching and bending
vibrations as well as displacements on the C-N-C bridge bond of the
phthalocyanine molecule [6]. The structural studies of CeO, on the basis
of Raman spectroscopy is discussed in Section 3.3.2.5. The Raman-
active band at 460 cm™ in the sample C1 is attributed to the fluorite
structure, which is due to the symmetrical stretching vibration mode of
Ce-08 [3].The vibrations of the CoPc planar molecule having 57 atoms
and possessing D4h point group symmetry can be classified into
following irreducible representation (taking into account only internal

vibrations) [13]

Ivib= ]4A]g+ ]3A2g+ ]4ng+ ]4Bzg+ ]35g+ 6A1u +8A2u+ 7B]u+ 7Bgu+ 28Eu,'

where Alg, Blg, B2g, and Eg are Raman-active modes. The non-
degenerate Alg, Blg, and B2g modes are in-plane vibrations, and
double-degenerate Eg mode are out-of-plane vibration. It can be noticed

from Fig.5.9 that Raman active modes of the symmetry Alg at 567

Synthesis and characterization of cerium oxide nanoparticles and their composites... 143




Chapter-5

cm'l, 848 Cm'l, Blg at 689 cm'l, 1541 cm'l, and B2g at 1451cm™ for
CoPc are present in sample C1. All these Raman bands are associated
with vibrations of C—N—C bridge bonds and vibrations of central atom of
phthalocyanine molecule (Co) connected with nitrogen atoms [6]. In

brief, Raman studies also confirm the formation of CeO,/CoPc

nanocomposite.
6000+
5000- 0.020
3 40004 &
8 5 0015
2 3000 2
= c
2 g 0010
£ 20004 s1 = c1
1000 0.005
0 v T d T v T v 1 0.000
200 300 400 500 600 500 1000 1500 2000 2500 3000 3500
Raman shift (cm™) Raman shift (cm’”)

Fig.5.9 Raman spectra of CeO, nanoparticles and CeO,/CoPc
nanocomposite

5.3.3 Optical properties
UV-Visible absorption and photoluminescence spectra of the
prepared nanocomposites are carried out by following the procedure as

given in Section 2.4.3.

5.3.3.1 UV-visible absorption spectroscopy
Optical properties of the CeO,/CoPc nanocomposite in terms of

its absorption spectra are collected by Shimadzu UV-2600 UV-Visible
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spectrophotometer. Kubelka Monk transformation is used for measuring
absorbance, which is recorded as a function of wavelength in the range

200-900 nm as seen in Fig.5.10.

2.0
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0.0
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Fig.5.10 Optical absorption spectra of CeO, nanoparticles
and CeO,/CoPc nanocomposite

Samples S1 and C1 show very good absorption in the regions
200-300 nm, centered on 240 nm. The absorption of CeO, in the UV
region originates from the charge-transfer transition between the O 2p
and Ce 4f states [14, 15]. In C1, the intense bands in the regions 300—400
nm (Soret band) and 650-700 nm (Q band) correspond to absorption
peaks of metal phthalocyanines [6]. The peaks at higher-energy and low-
energy regions result from B (Soret band) band and Q bands
respectively, which arise from m-n* transitions [16]. The absorption

bands from 400-800 nm region are caused by the n-n* transitions of the
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conjugated macrocycle of 18 m- electrons [6]. The intensity of higher
energy peak, Q1 is larger than the Q2, which represents CoPc a-phase.
The absorption maxima at the Q band with wavelengths of 607 and 675
nm correspond to a-phase of CoPc and these peaks are separated by 68
nm. From Fig. 5.10, it is observed that the absorption edges of composite
samples show a bathochromic shift with an increased absorption
intensity revealing the perturbance in the electronic states of CeO,/CoPc
nanostructures [17]. The Tauc plots for CeO, and CeO,/CoPc sample
are shown in Fig.5.11[18]. Optical band gap energy of the samples S1

and C1 are tabulated in Table 5.4.
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Fig.5.11 Tauc plot of CeO, nanoparticles and CeO,/CoPc nanocomposite

Table 5.4 Optical band gap energy of CeO, and CeO,/CoPc

Optical band gap .
Sample T () Absorption edge (nm)
S1 3.42 440
C1 2.9 475
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The optical band-gap energies are 3.42 and 2.9 eV for the samples
S1 and Cl1, respectively. The lowering of band-gap value for the
nanocomposite sample relative to nanoceria is due to the presence of
cobalt in the CoPc [19]. The cobalt ions present in the CoPc create
oxygen vacancies and favor the formation of Ce’* from Ce**. This
increases the amount of Ce’* states, resulting in the formation of
localized energy states that are closer to the conduction band, and
thereby decreasing the band gap [6]. In addition to this, the average
particle size of CeO,/CoPc nanocomposites is larger than that of CeO,
nanoparticles. This will broaden the highest occupied molecular orbit
(HOMO) in the valence band and the lowest unoccupied molecular orbit
(LOMO) in the conduction band energy levels, which leads to narrowing
of the band gap. In brief, optical absorption results show that CeO,/CoPc
nanocomposite can help us to extend the optical absorption spectra of
CeO, from the UV region to the entire span of visible light. Moreover,
lowering of band gap values and enhanced absorption intensity of the
composite sample confirm that inclusion of CoPc in CeO, improve the
optical properties. This can find applications in the field of electro-
photographic systems, diodes, laser printers, photovoltaic cells and

photo-electrochemical devices [20, 21].
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5.3.3.2 Photoluminescence spectroscopy

Optical properties of CeO,/CoPc nanocomposite sample in terms
of its emission spectra are recorded at room temperature using a
Fluoromax-3 spectrophotometer. The emission spectra of CeO,
nanoparticle and composite samples are recorded in the range 350—600
nm at an excitation wavelength of 330 nm using an excitation slit width
of 5 nm, and are presented in Fig.5.12. It has been reported in the
literature that CoPc does not show fluorescence because of its strong spin
orbit interaction [22]. However, a weak emission peak is observed at the
394 nm in the PL spectrum of C1, which is in the soret band region. The
PL emission for CeO,/CoPc nanocomposites can be assumed to be the
transition from 4f band of cerium to the 2p band of O. The broad
emission band ranging from 350 to 575 nm of the samples S1 and C1 is
the result of defects, including oxygen vacancies in the crystal with
electronic energy levels below the 4f band [23]. Intense blue bands are
observed at 435 nm (2.85 eV) and 448 nm (2.77 eV), respectively, for
samples S1 and C1. A strong blue emission at 465 nm (2.66 eV), blue
green emission at 481 nm (2.58 eV) and 490 nm (2.53 eV), and a good
green emission at 540 nm (2.29 eV) are also observed for both the
samples. The PL emission at 465 nm (2.67 eV) is related to the defects

such as dislocations, which is helpful for fast oxygen transportation.
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Fig.5.12 PL spectra of CeO, nanoparticles and CeO,/CoPc
nanocomposite

It is interesting that the PL intensity for CeO,/CoPc
nanocomposite sample is smaller than that of CeO, sample. Co in CoPc
can improve the life time of excitations by proper transferring and
trapping of photo-excited charges through synergistic effect of optimum
concentration of the CoPc and associated crystal defects [6,19]. Hence,
the intensity of PL spectra is lower for CeO,/CoPc nanocomposite
samples. This indicates that CoPc of appropriate concentration helps to
enhance photo-efficiency and photo-activity of CeO, nanoparticles for

potential applications in solar cells and photocatalysis.
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The colour of emission are measured and presented by the
resultant chromaticity coordinates (x, y). CIE-XYZ colour space is the
standard reference. Fig.5.13 exhibits the CIE chromaticity diagram for
the synthesized CeO, nanoparticles (S1) and CeO,/CoPc nanocomposite
sample (C1). The x and y chromaticity coordinates under the excitation
of 330 nm are calculated in CIE XYZ colour space. Table 5.5 shows the
chromaticity coordinates of the sample S1 and C1. A unique greenish-
blue colour emission is obtained for both S1 and C1, when excited with
330 nm which is in the near-UV region. In brief, the synthesized
nanocomposite with suitable concentration of CoPc can be used to
construct CeO, phosphors for near-ultraviolet (NUV) light-excited
greenish blue light-emitting diodes (LEDs) and optoelectronic devices
[24].

Table 5.5 Chromaticity coordinates of CeO, nanoparticles and

CeO,/CoPc nanocomposite

Sample x y
S1 0.18846 0.26176
C1 0.176 0.262
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Fig.5.13 Chromaticity diagram of CeO, nanoparticles
and CeO,/CoPc nanocomposite

5.3.4 Electrical properties

The electrical studies are carried out by following the procedure
given in Section 2.4.4. In order to study the conduction mechanism and
dielectric properties of CeO,/CoPc nanocomposite, powder samples are
consolidated in the form of cylindrical pellet of diameter 13 mm and
thickness 1.2 mm. Both the faces of the pellets are covered with air
drying silver paste for good electrical contact. Dielectric measurements
as a function of frequency in the range of 100 Hz—10 MHz are measured
at various temperatures (303, 393 and 423 K) using Wayne Kerr H-

6500B model impedance analyzer.
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5.3.4.1 Frequency and temperature dependence of dielectric constant

Variation of dielectric constant (¢') of CeO,/CoPc nanocomposite
with frequency at 303, 393 and 423K are displayed in Fig.5.14. At low
frequency region, electrical measurements are influenced by polarization
due to the displacement of the charge carriers and at high frequencies the
contribution from the lattice is considered [25]. It is observed that
dielectric constant is frequency dependent with the highest response
occurring at the lower frequencies of the applied electric field and it
could be explained by Maxwell-Wagner model [26]. At room
temperature the value of ¢’ is 39 at 100 Hz, which decreased to 7 at 10
MHz. The corresponding values at 423 K are 50 and 10, respectively. As
explained in Section 3.3.4.1, dielectric behavior of the nanostructured
materials is determined by various types of polarization such as space
charge and rotational polarization [27-30]. Beyond a particular frequency
of the applied electric field, the electron exchange does not follow the
alternating field [31]. Hence, the polarization decreases, which in turn
causes a decrease in dielectric constant ¢'. At very high frequency region
the charge carriers would have started to move before the field reversal
occurs and &' falls to a small value [30]. The delocalized © electrons
associated with CoPc play a major role in their conductive property. As
the applied field is increased, the probability of tunneling of electrons
will increase that leads to high dielectric permittivity [32]. From
Fig.5.14, it is observed that the dielectric constant increases with

temperature, but it decreases with frequency. The ¢’ changes from 39 to
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50, when temperature changes from 303 to 423 K. This may be due to

the linear dependence of dielectric polarization with temperature [30].

Fig.5.15 compares the dielectric behavior of CeO,/CoPc with
CeO, nanoparticle at 303K. It is observed that dielectric constant is low
for the nanocomposite sample as compared to CeO, sample. The
addition of CoPc into CeO, reduces the value of the dielectric constant
from 66 to 39 (100 Hz) at room temperature [25]. The decrease in
dielectric constant for the nanocomposite is due to changes in the space
charge distribution caused by the addition of CoPc [26]. The
considerably low values of permittivity is probably due to the sub -
microscopic inhomogeneities, presence of other impurities such as
oxygen in the samples and the low packing density of the synthesized

materials [33].

o | C1(303K)
C1(393K)

40 CIT(42Z5N0)

30

W
20
10
0 2 3 4 5 6 v ¢
Log f (Hz)

Fig.5.14 Variation of dielectric constant with frequency
of CeO,/CoPc at different tem- peratures
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Fig.5.15 Variation of dielectric constant with
frequency of CeO, (S1) and CeO,/CoPc (C1) at
303K

The high value of ¢' is important for making high k gate
dielectrics for field-effect transistors (FET) [34]. Both the samples S1
and C1 have high values of dielectric constant compared with silicon
dioxide (SiO,), which has been used as a gate oxide material for decades.
It is possible to increase the gate capacitance and device performance by
reducing the thickness of the gate dielectric to a few nanometers (~2 nm)
[25]. But as the thickness is reduced to a few nanometers, leakage current
of Si0, increases significantly due to tunneling, which may result in
large power consumption and reduced device reliability [35, 36]. By
replacing the silicon dioxide gate dielectric with a high k material, an
increased gate capacitance is obtained without the associated leakage

effects [25].
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5.3.4.2 Frequency and temperature dependence of tangent loss

The dielectric tangent loss is a measure of energy loss in the
dielectric during AC operation, which is a material property and does not
depend on the geometry of capacitor. Fig.5.16 shows the variation of
tangent loss of CeO,/CoPc with frequency at different temperatures. In
nanomaterials, at low frequency region, the interfacial loss and the loss
from electrical conductivity are dominant. In the low frequency region,
which corresponds to high resistivity of grain boundaries, more energy is
required for electron hopping and as a result the loss is high. However, in
the high frequency region, which corresponds to the high conductivity of
grain, energy required for hopping of electrons is less and hence, tand is
low [37, 38]. From Fig.5.17, it is noticed that dielectric loss is low for the
nanocomposite sample as compared to CeO, at room temperature. A low
dielectric loss material is preferred, in order to reduce the energy
dissipation and signal losses, in high frequency applications [25]. The
absence of dielectric loss peaks in the frequency versus dielectric loss
curves of the present samples show the wide distribution of relaxation
times [39]. CeO,/CoPc nanocomposite with modified values of dielectric
constant and low loss tangent at higher frequencies is important for the
fabrication of materials for photonic, microelectronics such as substrate

applications and electro-optic devices [34].
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Fig.5.16 Variation of tangent loss with frequency
of CeO,/CoPc at different temperatures
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Fig.5.17 Variation of tangent loss with frequency of
CeO, and CeO,/CoPc at 303K
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5.3.4.3 Frequency and temperature dependence of AC conductivity

The variation of AC conductivity as a function of frequency for
temperatures from 303 to 423 K of the composite sample C1 1is shown
in fig.5.18. At 303 K, o, has a value of 7.28x107 S/m at 100 Hz which is
increased to 9.8x10°S/m at 10 MHz. At 393 and 423 K, the maximum
values of AC conductivity at 10 MHz are 1.04x10 * S/m and 1.1x10 *
S/m, respectively. It can be seen from Fig. 5.18 that the variation of
o, with frequency is small when the temperature varies from 303 K to
423 K. As the frequency is increased, the conductivity shows a fast
increase and attains maximum value at higher frequencies. Similar
variation is observed at all the temperatures. This behaviour can be
attributed due to the polaron transport or hopping of holes which enable
the conductivity to increase monotonically with increase in frequency of
the applied field [32, 40]. As the temperature increases, AC conductivity
slightly increases with frequency. This is due to the increase in mobility
of charge carriers with increase in temperature [32].

Fig.5.19 compares the AC conductivity of the CeO,/CoPc
nanocomposite and CeO, nanoparticles at room temperature. The figure
shows a decrease in AC conductivity of CeO, when CoPc is added. This
may occur due to trapping of charge carrier (holes) between the
localized sites [25]. The conductivity of CoPc can be due to both
hopping of holes and charge transport through excited states. The p-type
semiconductivity is affected by the adsorption and desorption of gases
such as oxygen, impurities and the crystal structure of the samples [41,

42].
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Fig.5.18 Variation of AC conductivity with frequency of
CeO,/CoPc at different temperatures
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Fig.5.19 Variation of AC conductivity with frequency of
CeO, and CeO,/CoPc at 303K
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Fig.5.20 shows the log(o,.) versus log(w) plots of CeO,/CoPc
nanocomposite  at different temperature. Values of the frequency
exponent S are calculated from the slope of the straight lines of the data
presented in Fig.5.20. It is found that the value of S decreases (0.89 to
0.76) with increase in temperature from 303 to 423 K for the CeO,/CoPc
nanocomposite. All the observed S values are less than unity, indicating
that hopping is the main conduction mechanism thereby proving the

Jonscher’s universal power law for the samples [43].
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Fig.5.20 Log(o,.) versus log(w) plots of CeO,/CoPc nanocomposite
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5.4 Conclusions

>

CeO,/CoPc nanocomposite sample is successfully synthesised by
solvent evaporation method.

The TGA/DTA/DTG studies confirm that the composite is
thermally stable in the range 120-700°C.

The structural properties of the nanocomposite sample is
characterized by XRD, TEM, FTIR and Raman studies and their
results confirm the formation of CeO,/CoPc in the sample.
Compositional analysis using EDX detects the presence of cerium,
cobalt, carbon, oxygen and nitrogen in the synthesized
nanocomposite.

FTIR and Raman spectroscopic studies confirm the successfull
attachment of CoPc in CeO,.

Optical absorption results show that CeO,/CoPc nanocomposites
can help us to extend the optical absorption spectra of CeO, from
the UV region to the entire span of visible light. A decrease in
band-gap energy together with an improved absorption intensity of
the nanocomposite is observed.

PL spectra and CIE diagram show the existence of wide emission
peaks in the blue-green region, when excited with near-ultraviolet
light. This makes CeO,/CoPc is a promising material in
photocatalytic, solar cells, NUV light-excited LEDs, and

optoelectronics applications.
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> Dielectric constant, tangent loss and electrical conductivity of
CeO,/CoPc nanocomposite is found to  depend on both
temperature and frequency.

> At lower frequencies, dielectric constant and tangent loss have
higher values, while at higher frequencies, the dielectric response
reaches steady lower values. The nature of the curves remained
the same when the temperature is raised, but the values are shifted
upwards.

> The AC conductivity increases as the frequency is increased, due
to polaron hopping.

> It is observed that the dielectric constant, the loss factor and the
AC conductivity for the CeO,/CoPc nanocomposite are lower
than those of nanoceria.

> The modified structural, optical and electrical properties of the
CeO,/CoPc nanocomposite can be used for the fabrication of

materials for photonic,microelectronic and electro-optic devices.
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Chapter E

SYNTHESIS AND
CHARACTERIZATION OF
CeQ,/SnPc NANOCOMPOSITE

6.1 Introduction

Metal-Phthalocyanines (M-Pc) are highly stable p-type organic
semiconductors characterized by conjugate bonding, having various
applications in the fields of conductive polymers, as chemical sensors
and electrochromism [1]. As discussed in Chapter 1, CeQO,, the
inorganic metal nanoparticles have the potential for high carrier
mobilities, band gap tunability, a range of magnetic and dielectric
properties, and thermal and mechanical stability [2]. Hence, the
combination of CeO, with M-Pc will create an organic-inorganic
nanocomposite system, which will act as a high performance material
exhibiting unusual property combinations and unique design
possibilities [3]. In this chapter, the synthesis and characterization of
cerium oxide/tin phthalocyanine nanocomposites is discussed. To date,
no studies have been reported on the electrical properties of cerium
oxide /tin phthalocyanine nanocomposite. The main objectives of this

study are to compare the optical properties electrical conductivity and
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structural properties of cerium oxide/tin phthalocyanine nanocomposite

and cerium oxide nanoparticles.

6.2 Synthesis of CeO,/SnPc nanocomposite

CeO,/SnPc nanocomposite is prepared using a standard method
by adding CeO, nanoparticles calcined at 400°C to tin phthalocyanine (1
wt.%). The mixture is dissolved in a solvent mixture containing 50%
dimethyl sulphoxide, 30% dimethyl formamide and 20% ethanol, under
constant stirring and heating at 60°C using a magnetic stirrer [1]. After
complete solvent evaporation, the obtained composite is dried at 100°C
in a hot air oven for 15-20 h to get CeO,/SnPc nanocomposite in powder
form. Room temperature precipitation method for the synthesis of CeO,
nanoparticles is described in Section 3.2. The synthesized CeO,
nanoparticles calcined at 400°C and CeO,/SnPc nanocomposite samples
are denoted as S1 and C2, respectively. The flow chart showing the
scheme of preparation of CeO,/SnPc nanocomposite is presented in

Fig.6.1.

CeO, nanoparticles

B —
Alter, e,
5 7 Solvent g
1wt % SnPc + Evaporation ]
50% dimethyl Sulphoxide + e v
imethyl f i
30% dimethyl formamide + Ce0,/SnPc

20% ethanél nanocomposite

— -

heating 100°C

N Stirring at 60°C (15-20h)

Fig.6.1 Scheme of preparation of CeO,/SnPc nanocomposite
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6.3 Results and discussion
6.3.1 Thermal analysis

Thermogravimetric and differential thermal analysis of the
nanoceria and nanocomposite samples are carried out using Perkin Elmer
STA 6000. Fig.6.2 depicts the TGA/DTA/DTG curves of CeO,
nanoparticle (S1) and CeO,/SnPc nanocomposite (C2) samples. The
TGA curve of C2 shows that the weight loss of the precursor occurs from
50 to 300°C. This indicates that the precursor decomposed completely at
300°C to become CeO,/SnPc nanocomposite [1]. A well structured
weight loss is noticed in the TG curve of C2, accompanied by three
peaks of weight loss rate in the DTG curve. The first two peaks are
located at 63 and 120°C with a weight loss of 0.245 mg/min and 0.182
mg/min, respectively. This weight loss is attributed to the combustion of
organic residues due to the crystallization of residual amorphous phase.
The DTG curve (C2) demonstrates that the precursor decomposed almost
around 120°C to become CeO,/SnPc nanocomposites. Detailed
discussion of thermal studies of CeO, nanoparticles is presented in
Section 3.3.1. The sharp exothermic peak at 249°C in the DTA curve of
cerium oxide sample (S1) is not seen in the nanocomposite sample.
Moreover, the thermal analysis shows that the synthesized

nanocomposite sample is thermally stable in the range of 300-700°C.
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Fig. 6.2 TGA/DTA/DTG curves of CeO, nanoparticles (S1) and
CeO,/SnPc nanocomposite (C2)

6.3.2 Structural characterization
The structural analysis of synthesized nanocomposite sample is

carried out by following the procedure described in Section 2.4.2.
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6.3.2.1 Powder XRD analysis

The structural properties of the synthesised nanocomposite are
studied by X-ray diffraction method, using Bruker D8 Advance X-ray
diffractometer with Cu-Ka radiation (A = 1.54061&, X-ray tube voltage
=40 kV and current = 35 mA). The scan is taken in the 26 range from 0
to 80° at increments of 0.02° with a step time of 29.1 s. The X-ray
diffraction spectra of CeO, and CeO,/SnPc nanocomposite samples are
presented in Fig. 6.3. All the peaks present in the diffractogram of
CeO,/SnPc nanocomposite represent the pure cubic fluorite structure of
CeO,; (space group: Fm3m) with lattice constant a = 5.41 11&, which is in
agreement with the JCPDS file No. 75-0076 for CeO,. The peaks at 20
values 28.38°, 32.87°, 47.29°, 56.12° and 69.29°correspond to planes
(111), (200), (220), (311) and (400) respectively, for CeO,. There is no
change in the diffraction pattern of CeO, with the addition of SnPc,
which is due to the lower loading of SnPc [1]. The peaks in the
diffractogram are sharp and intense indicating good degree of

crystallinity of the nanocomosite sample .
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Fig.6.3 XRD patterns of CeO, nanoparticles and CeO,/SnPc
nanocomposite

Average crystallite size of the samples are calculated by Scherrer
equation [4] and it is 7.3 and 7.5 nm for the sample S1 and C2,
respectively. W-H plots of CeO, nanoparticles and nanocomposite
samples are shown in Fig. 6.4. Average crystallite size and micro-strain

value are estimated from the W-H plots [5].
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In Table 6.1, structural parameters of CeO,/SnPc nanocomposite
is presented along with results of CeO, nanoparticles. It is noticed from
Table 6.1 that the crystallite size, d— spacing and unit cell volume for the
nanocomposite are slightly modified with the addition of tin
phthalocyanine. However, the micro-strain and dislocation density values
are slightly reduced in the nanocomposite, which indicates the successful

incorporation of SnPc in CeO,.

Table 6.1 Structural parameters of CeO, and CeO,/SnPc

| B

- S |z

Average particle g % _q§

size (nm) Z _ -§ =

S o0 2 > = =
= 2~ |8~ |E% e | 2
£ [Scherrer| W-H | 82 | & 5 ) § z E
% | method | method | = S | © = > S = R =
S1 7.3 8.4 5.403 3.1194 157.73 | 4.54 | 0.0188
C1 7.5 9 5.44 3.1424 160.99 | 2.29 | 0.0178
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Fig.6.4 W-H plots for CeO, nanoparticles and CeO,/SnPc nanocomposite
6.3.2.2 TEM analysis

TEM images of nanophase cerium oxide and nanocomposite
samples are taken on a JEOL MODEL JEM-2100 electron microscope
operated at 200 kV. TEM bright field, HRTEM image and selected area
electron diffraction pattern of the nanocomposite sample along with
cerium oxide are shown in Fig 6.5. The TEM images of nanoceria
sample (S1) has been discussed in Section 3.3.2.2. It can be observed
from the bright field image ( Fig.6.5(a)) that particles are almost
spherical in shape. The particle size obtained from TEM image ranges
from 7 to 8 nm, which is in agreement with the XRD result. HRTEM

image indicates the polycrystalline nature of the sample. The SAED
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pattern (Fig.6.5(c)) contains bright spots for the composite sample and

each spot arising from Bragg reflection from individual crystallite [1].
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Fig.6.5 TEM images of CeO, and CeO,/SnPc : (a) bright field images,
(b) HRTEM images and (c) SAED patterns

6.3.2.3 SEM and EDX analysis

The surface morphology of the nanocomposite sample is analyzed
with a scanning electron microscope JEOL MODEL JSM-6390LV,
operating at 20 kV. SEM photographs of cerium oxide nanoparticle
samples and CeO,/SnPc nanocomposites are presented in Fig.6.6. It is
observed that grains are not in uniform size and shape. The photographs

of the samples contains irregular crystallized nanoparticle clusters.
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Fig.6.6 SEM images of CeO, nanoparticles and CeO,/SnPc
nanocomposite

For collecting the EDX pattern of the synthesized nanocomposite
sample, JEOL model JED-2300 with Bruker X flash 6/10 EDS detectors
are used. Fig.6.7 shows the EDX analysis results of C2. It exhibits that
the nanocomposite contains Ce, Sn, O, C and N. Thus, the EDX study
confirms the formation of CeO,/SnPc nanocomposite. The mass and

atom percentages of the sample are presented in Table 6.2.
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Fig.6.7 EDX pattern of CeO,/SnPc nanocomposite

Table 6.2 EDX data of CeO,/SnPc nanocomposite

Element AN Series Norm. wt.  Atom.

% %
Ce 58 L 76.52 25.53
0 8 K 15.57 45.5
C 6 K 5.65 22
N 7 K 2.07 6.9
Sn 50 L 0.19 0.08
total 100 100
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6.3.2.4 FTIR analysis

The FTIR spectra of CeO, and CeO,/SnPc samples are recorded
by Thermo Nicolet, Avatar 370 and presented in Fig. 6.8. The FTIR
illustrated absorption band at 483 cm™ is a typical peak for the Ce-O
stretching vibration [6, 7]. The peak at 715 cm™ is due to the
phthalocyanine ring vibration [8]. The IR active band near 940 cm™' is
related to the metal ligand vibration, indicating the presence of SnPc in
the sample [9]. The IR bands at 1617 and 1386 cm™ correspond to
physically adsorbed water molecule . The intensity of the hydroxyl
peak at 2000- 3760 cm™ is weak, indicating that the water content in the
sample is very low. It is observed that the IR bands of CeO,/SnPc
nanocomposite are slightly shifted towards the lower wave number side
due to the presence SnPc. In brief, FTIR analysis of the synthesized

nanocomposite shows the successful attachment of SnPc to CeO,,
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Fig.6.8 FTIR spectra of CeO, nanoparticles and
CeO,/SnPc nanocomposite

6.3.2.5. Raman spectroscopy

Raman studies of the CeO, and CeO,/SnPc composite are
performed by Raman spectrometer, Bruker RFS-27, using Nd-YAG
laser, at room temperature. The Raman scattering spectra of CeO,/SnPc
nanocomposite are recorded in the spectral range of 4001600 cm', as
displayed in Fig.6.9. The Raman active band at 467cm™ in the sample C2
is attributed to the fluorite structure, which is due to the symmetrical
stretching vibration mode of Ce-O8 [10]. The equilibrium geometry of
SnPc i1s C4, point group symmetry. Here each molecule contains 57
atoms and 165 fundamental vibrations. The number of each irreducible

representations are:
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I' yin=22A1+ 19A,+21B;+ 21B,+ 41E,

where A,, B;, B, and E are Raman active modes [11]. The most
prominent band of SnPc is at 680 cm'l, which is due to vibrations of A,
symmetry. Raman active modes for CeO,/SnPc nanocomposite sample
are listed in Table 6.3, along with literature values of SnPc. From Table
6.3, it can be observed that the nanocomposite sample contains most
prominent Raman active modes of SnPc and symmetrical stretching
mode of Ce-O8. Thus, Raman studies also confirm the formation of

CeO,/SnPc nanocomposite.
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Fig.6.9 Raman spectra of CeO, nanoparticles and
CeO,/SnPc nanocomposite
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Table 6.3 Raman active modes of CeO,/SnPc nanocomposite

Vbrational
frequency
Symmetry Description
CeO,/SnPc Sl
[11]
172 185 Macrocycle deformation
467 _ Symmetrical stretching mode of
Ce-0O8

478 482 B2 Isoindole deformation
676 680 Al Macrocycle breathing
759 765 Macrocycle ring stretch
841 830 Macrocycle ring stretch
943 953 B2 Benzene breathing
1106 1107 C-H bend
1142 1141 Al Pyrrole breathing
1197 1184 C-H bend
1301 1311 C-H bend
1340 1342 Al C=C pyrrole stretch
1519 1527 C-N pyrrole stretch
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6.3.3 Optical properties
UV-visible absorption and photoluminescence spectra of the
prepared nanocomposite are carried out by following the procedure as

given in Section 2.4.3.

6.3.3.1 UV-vis absorption spectroscopy

Optical properties of the CeO,/SnPc nanocomposite in terms of
its absorption spectra are collected by Shimadzu UV-2600 UV-Visible
spectrophotometer. Kubelka Monk transformation is used for measuring
absorbance, which is recorded as a function of wavelength in the range
200-800 nm. Fig.6.10 shows the UV-Visible absorption spectra of CeO,
nanoparticle and CeO,/SnPc nanocomposite. Both samples show strong
absorption band centred at 250 nm in the UV range, which is originating
from the charge transfer transition from 0~ (2p) to Ce** (4f) orbitals in
CeO, [9, 12]. It can be seen from Fig. 6.10 that the nanocomposite
sample contains B Band (Soret) centered at 371nm and Q Bands in the
region 645-720 nm,which is due to the electronic transitions from n—n*
orbits [13]. The Soret band in the UV region and Q-bands in the visible
region of absorption spectrum originate from molecular orbitals within
the aromatic 18n electron system and from overlapping orbitals on the Sn
in SnPc. The conjugated double bonds within the crystal structure create
electron orbitals and these electrons are able to transfer energy

throughout the structure and are responsible for the absorption peaks at Q
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and B bands [14, 15]. The absorption threshold edge at 440 nm in CeO,
nanoparticles is slightly red shifted to 491 nm when SnPc is added to it,
which may be due to particle size variation. Table 6.4 presents the optical

band gap energy and absorption edge of the samples S1 and C2.
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Fig.6.10 Optical absorption spectra of CeO, nanoparticles and
CeO,/SnPc nanocomposite

Band gap values of CeO, and CeO,/SnPc samples are measured
from Tauc plot [16], as discussed in Section 2.4.3.1. The optical band
gap values obtained are 3.42 and 3 eV respectively for nanophase CeO,
and CeO,/SnPc nanocomposite. Tauc plot for the samples S1 and C2 are
displayed in Fig.6.11. The decrease in optical band gap energy of
CeO,/SnPc nanocomposite is due to crystallite growth. The improved

absorption intensity, red shifted absorption bands and extended visible
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absorption confirms the presence of tin phthalocyanine in the synthesized
nanocomposite [1]. Moreover, the addition of SnPc can help us to extend
the optical absorption spectrum of CeO, from the UV region to the entire
span of visible light in addition to enhanced absorption intensity. In
short, modification of the optical absorption properties of the
nanocomposite can be used for visible light-driven photocatalytic

applications [17] .
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Fig.6.11 Tauc plot of CeO, nanoparticles and CeO,/SnPc nanocomposite

Table 6.4 Optical band gap energy of CeO, nanoparticles and
CeO,/SnPc nanocomposite

Optical band

Sample gap energy AU
V) edge (nm)
S1 3.42 440
C2 3 491
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6.3.3.2 Photoluminescence spectroscopy

PL emission spectra of CeO, and CeO,/SnPc nanocomposite
samples are recorded at room temperature using a Fluoromax-3
spectrophotometer, in the range 350—-600 nm at an excitation wavelength
of 330 nm and a slit width of 5 nm. Fig.6.12 shows PL spectra of CeO,

and CeO,/SnPc nanocomposite samples.
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Fig.6.12 PL spectra of CeO, nanoparticles and CeO,/SnPc
nanocomposite

The PL emission spectra showa broad emission in the spectral
range from 370 to 550 nm along with well defined shoulder peaks at 479
and 489 nm. Both S1 and C2 samples exhibit similar type of PL spectra
with a maximum emission in the blue- green region. Intense blue bands

are observed at 449 nm (2.76 eV) and 466 nm (2.66 eV), respectively,
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for samples S1 and C2. The emission bands at 479 nm (2.58 eV), 489 nm
(2.54 eV) and 561 nm (2.21 eV) are also noticed for both the samples.
The strong emission at 466 nm (2.66 eV) is related to the defects such as
dislocations, which is helpful for fast oxygen transportation [10]. It is
observed from Fig.6.12 that the PL intensity of the composite sample is
much smaller than that of CeO,. The presence of Sn can improve the life
time of excitations by proper transferring and trapping of photo-excited
charges through synergistic effect of optimum concentration of the SnPc
and associated crystal defects [1,17]. Hence, the intensity of PL spectra is
lower for CeO,/SnPc nanocomposite samples. The above property
indicates that synthesized nanocomposite can be used in solar cells and

photocatalysis [17].

Fig.6.13 exhibits the CIE chromaticity diagram of the synthesized
CeO,/SnPc nanocomposite sample and CeO, nanoparticles. The x and y
chromaticity coordinates under the excitation of 330 nm are calculated in
CIE XYZ colour space. The greenish-blue emission is obtained with CIE
coordinates (0.18846, 0.26176) and (0.1756, 0.2811) for CeO,
nanoparticles and CeO,/SnPc nanocomposite , respectively (Table 6.5).
This result is consistent with PL spectra of the samples. In brief, the
synthesized nanocomposite with suitable concentration of SnPc can be
used to construct CeO, phosphors for near-ultraviolet (NUV) light-

excited greenish-blue light-emitting diodes (LEDs) [18] .
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Table 6.5 Chromaticity coordinates of CeO, nanoparticles and
CeO,/SnPc nanocomposite

Sample x y
S1 0.18846 0.26176
C2 0.1756 0.2811

Fig.6.13 CIE chromaticity diagram of CeO, nanoparticles and
CeO,/SnPc nanocomposite

6.3.4 Electrical properties
The electrical studies are carried out by following the procedure
given in Section 2.4.4. In order to study conduction mechanism and

dielectric properties of CeO,/SnPc nanocomposite, powder samples are
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consolidated in the form of cylindrical pellet of diameter 13 mm and
thickness 1.4 mm. Both the faces of the pellets are covered with air
drying silver paste for good electrical contact. Dielectric measurements
as a function of frequency in the range of 100 Hz—10 MHz are measured
at various temperatures (303, 393 and 423 K) using Wayne Kerr H-

6500B model impedance analyzer.

6.3.4.1 Frequency and temperature dependence of dielectric
constant

The characteristic dependence of dielectric constant of CeO,/SnPc
sample with frequency for different temperatures are displayed in Fig.
6.14. From the figure, it can be observed that the dielectric constant
shows an increase with temperature, but a decrease with frequency. At
room temperature, the value of ¢ is 37 at 100 Hz and remains almost
unaltered at frequencies above 1 MHz. The dielectric constant is high in
the low frequency region, exhibits a gradual decrease with increase in
frequency and attains almost constant value in the high frequency
regime. This is a normal dielectric behaviour arising due to Maxell-
Wagner type polarization mechanism as explained in Koop’s
phenomenological theory [19, 20]. The variation of dielectric constant
with frequency is clearly explained in the Section 3.3.4.1. Interfacial
polarization plays a major role in this case. The value of ¢’ changes from

37 to 50, when temperature varies from 303 to 423 K. The observed
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behavior revealed that the material exists in the form of molecular
dipoles, which remain frozen at low temperature, while at high
temperature the dipoles rotate freely and increase the orientation

polarization [21], which in turn results in the increase in dielectric

constant.
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Fig.6.14 Variation of dielectric constant of CeO,/SnPc
nanocomposite with frequency at different temperatures

Fig. 6.15 shows that the dielectric constant is low for the
nanocomposite sample as compared to nanophase CeO,. At room
temperature, the value of ¢"is 66 at 100 Hz for the CeO, nanoparticles.
The addition of SnPc into CeO, reduces the value of the dielectric
constant from 66 to 37 (100 Hz) at room temperature. The decrease in

dielectric constant for the nanocomposite is due to changes in the space
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charge distribution caused by the addition of SnPc [22]. The
considerably low values of dielectric constant is probably due to the
submicroscopic inhomogeneities, presence of impurities such as oxygen
in the samples and the low packing density of the synthesized materials

[23], thus keeping the stronger influence of M-Pc in nanoceria.
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Fig.6.15 Variation of dielectric constant with
frequency of CeO, and CeO,/SnPc at 303 K

A low dielectric constant material is needed for substrate
applications to avoid signal delay [24], whereas a high dielectric constant
is preferred for miniaturization [25]. The low dielectric constants and
loss factor values favour the use of the composite material in substrate
applications and in low temperature co-fired ceramic (LTCC) modules as

3D wiring for circuit boards [26].
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6.3.4.2 Frequency and temperature dependence of tangent loss

The dielectric loss originates from conduction loss, dipole loss
and vibrational loss [27]. As the temperature increases, the AC
conductivity g, increases, which increases the electrical conduction loss
and hence, the tangent loss [28]. The variation of Tano with frequency
and temperature for CeO,/SnPc nanocomposite sample is displayed in
Fig. 6.16. It can be observed that the values of Tano initially decrease
with frequency and then remain almost unaltered at higher frequencies.
At 303 K, the value of Tano is 0.47 at 100Hz. As the frequency of the
applied field increases the absorption current gets reduced, so the tangent

loss will be decreased.
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Fig.6.16 Variation of tangent loss with frequency of
CeO,/SnPc at different temperatures
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The dielectric loss for the sample C2 is small as compared to S1,
as shown in Fig.6.17. The presence of SnPc changes the Tano value of
nanoceria from 7 to 0.47 at 100 Hz. CeO,/SnPc nanocomposite with low
values of dielectric constant and loss tangent at low temperature is
important for the fabrication of materials for ferroelectric, photonic,

microelectronic and optoelectronic devices [29].
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Fig.6.17 Variation of tangent loss with frequency of
CeO, and CeO,/SnPc at 303 K

6.3.4.3 Frequency and temperature dependence of AC conductivity

The relaxation of an electric field in a charge carrier system is
attributable to the charge hopping of mobile carriers, which can lead to
both short-range AC conductivity and long-range DC conductivity [30].
The variation of AC electrical conductivity of CeO,/SnPc as a function
of frequency at different temperatures is presented in Fig.6.18.

Microstructure of the samples plays a key role in the frequency
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dependence of conductivity [1]. It can be seen from Fig.6.18 that the
conductivity increases with frequency, which confirms small polaron
transport or hopping of holes in the sample [31]. As the frequency of the
applied field increases, hopping of holes also increases there by
increasing the conductivity. When temperature increases, there is easy
transition of charge carriers from valence band to conduction band due to
small-size of particles in the sample, which results in increased

conductivity [32, 33].
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Fig.6.18 Variation of AC conductivity with frequency of
CeO,/SnPc at different temperatures

Fig. 6.19 compares the AC conductivity of CeO,/SnPc with
nanoceria. The figure demonstrates a decrease in AC conductivity of
CeO, when SnPc is added. This may occur due to trapping of charge

carrier (holes) between localized sites [34].
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Fig.6.19 Variation of AC conductivity with frequency of
CeO, and CeO,/SnPc at 303K
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Fig.6.20 Log(o,.) versus log(w) plots of CeO, /SnPc nanocomposite
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Figure 6.20 shows the log(o,.) versus log(w) plots of the

synthesized nanocomposites at different temperatures. Values of the

frequency exponent S are calculated from the slope of the straight lines

of the data presented in Fig.6.20. It is found that the value of S decreases

(0.6560 to 0.6009) with increase in temperature from 303 to 423 K for

the CeO,/SnPc nanocomposite. The values of S of all samples lies

between zero and unity, indicating that hopping is the main conduction

mechanism thereby proving the Jonscher’s universal power law [35].

6.4
>

Conclusions

CeO,/SnPc nanocomposite with an average particle size of 7.5 nm
are successfully synthesised by solvent evaporation method.

The TGA/DTA/DTG studies confirm that the composite is
thermally stable in the range 300-700 °C .

The structural properties of the nanocomposite sample is
characterized by XRD, TEM, FTIR and Raman studies, and their
results confirm the formation of CeO,/SnPc in the sample.
Compositional analysis using EDX detects the presence of
cerium, tin, carbon, oxygen and nitrogen in the synthesized
nanocomposite

FTIR and Raman spectroscopic studies confirm the successful

attachment of SnPc in CeO,.

Synthesis and characterization of cerium oxide nanoparticles and their composites... 195




Chapter-6

>

UV-vis absorption studies indicate that nanocomoposite has good
light absorption in the UV and visible region. The optical band
gap values obtained is 3 eV for CeO,/SnPc nanocomposite. A
decrease in band gap energy together with an improved absorption
intensity of the composite has been observed.

PL spectra and CIE diagram show the existence of wide emission
peaks in the greenish-blue region, when excited with near-
ultraviolet light. This makes CeO,/SnPc a promising material in
photocatalytic, solar cells, NUV light-excited LEDs, and
optoelectronics applications.

Dielectric constant, tangent loss and electrical conductivity of
CeO,/SnPc nanocomposite is found to  depend on both
temperature and frequency.

The dielectric constant and tangent loss decreases with increase
in frequency and reaches a steady low value in the high frequency
region. The nature of the curves remained the same when the
temperature is raised, but the values are shifted upwards.

The AC electrical conductivity of nanocomposite has a small
value at low frequency region, which increases rapidly as
frequency is increased. It conforms small polaron hopping and
thus, electronic barrier hopping model. Electrical conductivity

follows Jonscher’s universal power law.
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> It is observed that the dielectric constant (€’), the loss factor
(Tano) and the AC conductivity (o,) for the CeO,/CoPc
nanocomposite are lower than those of nanoceria.

> The desired structural, optical and electrical properties of
CeO,/SnPc nanocomposite can make it a promising material for

potential electronics applications.
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Chapter i

SUMMARY AND SCOPE FOR
FUTURE WORK

The main objective of the present study, as brought out in section
1.3, is to synthesize and characterize cerium oxide nanoparticles and
their phthalocyanine nanocomposites (CeO,-CoPc/SnPc). The research
work has been systematically described in 7 chapters. A general
introduction on nanomaterials and nanoceria is presented in Chapter 1.
CeO, nanocrystals are synthesized using simple chemical precipitation
method and are characterized using various tools as mentioned in
Chapter 2. The structural, optical and electrical characterizations of the
synthesized CeO, nanoparticles before and after electron beam

irradiation are presented in Chapters 3 and 4 respectively.

Phthalocyanine (CoPc/SnPc) composites of CeO, are synthesized
by solvent evaporation method and their properties are investigated using
structural, optical and electrical characterization techniques. The method
of synthesis and characterization results of CeO,/CoPc and CeO,/SnPc

along with discussion are presented in Chapters 5 and 6 respectively.
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A summary of the synthesis and characterization of cerium oxide
nanoparticles and their phthalocyanine nanocomposites (CeO,-
CoPc/SnPc) and dose dependent effect of electron beam irradiation on
the properties of cerium oxide nanoparticles is presented in the current
chapter. The important outcomes, promising applications of the materials
synthesized and an outline of future prospects are mentioned as

concluding remarks of the chapter.

7.1 Summary of the Present Work

Cerium oxide nanoparticles are successfully synthesized by
chemical precipitation method and are characterized by various tools.
TGA/DTA analysis shows that the material is thermally stable in the
temperature range of 200-850°C. The effect of calcination temperatures
(400, 550, 700 and 850°C) on the structural, optical and electrical
properties of the cerium oxide nanoparticles are studied and it was found
that it results in an increase in intensity of diffraction peaks, decrease in
FWHM, increase in crystallite size, decrease in micro-strain and
dislocation density, decrease in lattice constant and unit cell volume.
XRD analysis confirms cubic fluorite structure for CeO,. An average
particle size of 7.3 nm is estimated for CeO, nanoparticles calcined at
400°C. The average crystallite size of nanophase CeO, is found to
increase with increase in the calcination temperature due to the thermally

promoted crystallite growth. TEM results provide a clear picture for
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grain growth and increase in crystallinity due to calcination. HRTEM
image shows the polycrystalline nature of the sample. SEM analysis
shows that particles are not in uniform shape and are agglomerated. The
EDX analysis confirms the presence of all the elements expected for
CeO,. FTIR and Raman spectra results confirm the formation of CeO,.
Raman bands are red shifted and their intensity is found to increase with

increase in calcination temperature.

Optical absorption spectra show that synthesized cerium oxide
nanoparticles have good UV absorption. CeO, calcined at 400°C has an
optical band gap of 3.42 eV. The optical band gap values are found to
decrease with the increase in calcination temperatures. PL. bands are
modified and shifted towards blue region with the increase in calcination
temperature. The intensity of PL emission bands are found to decrease
with the increase in calcination temperature due to the increase of
particle size. Greenish-blue emission of CeO, nanoparticle is confirmed
by CIE chromaticity diagram. Present studies indicate that non-
stoichiometry, defects and size variation of particles have a great
influence on optical band gap, PL and Raman band modification. The
observed optical properties of CeO, nanoparticles show that it is a
promising material for photocatalytic, cosmetic and optoelectronic

applications.
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The effect of calcination on the electrical properties of the
synthesized nanoparticles is also investigated and it was found that room
temperature dielectric constant obtained for CeO, nanoparticles calcined
at 400°C is 66 at 100 Hz, which constitutes the highest value ever
reported. This indicates that CeO, nanoparticle could be a promising
material for the high dielectric gate in CMOS devices. The values of
dielectric constant and dielectric loss are found to increase with the
increase in temperature and to decrease with the increase in frequency.
It 1s also found that the values of dielectric constant, dielectric loss and
AC conductivity are decreased as calcination temperature is raised.
Frequency dependent polaron hopping mechanism in AC conductivity is

confirmed by Jonscher’s power law.

The effect of 8 MeV electron beam irradiation on the thermal,
structural, optical and electrical properties of cerium oxide nanoparticles
are investigated. It is found that electron beam irradiated CeO, samples
show a decrease in crystallite size with lattice expansion. XRD results
show that CeO, nanoparticles with average particle size 7.3 nm is
decreased to 5 nm when irradiated with 5 kGy electron beam. But the
size of CeO, nanoparticle is reduced only up to 6.4 nm after a dose of 10
kGy irradiation. TEM, SEM, FTIR and Raman studies confirm structural
modifications of the electron irradiated CeO, samples. Electron beam

irradiation introduced defects in the lattice of CeO,. A band gap of 3.59
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and 3.45 eV are obtained for CeQO, irradiated with 5 and 10 kGy
respectively. Improvement in the intensity of absorption peak suggests
that the irradiation produced sufficient defects. The increase in PL
intensity indicates higher photocatalytic activity for the irradiated
samples. Furthermore, the defects and crystallite size variation result in
large micro-strain and dislocation density, enhanced optical band gap as
well as photoluminescence intensity, broadening of Raman line and

reduction of Raman intensity.

EB irradiation produces high dielectric constant, dielectric loss
and AC conductivity for cerium oxide nanoparticles. The dielectric
constant of CeO, nanoparticle is changed from 66 to 1750 at 100Hz,
when it is irradiated with a dose of 5 kGy electron beam. EB irradiation
leads to faster ionic transport in the material, which results in high
conductivity. In short, high energy EB irradiation of a suitable dose can
help us to enhance the structural, optical, photoluminescence and
electrical properties of CeO, nanoparticles for micro- and optoelectronics

applications.

Solvent evaporation method has been successfully employed for
the synthesis of CeO,/CoPc nanocomposite. TGA/DTA/DTG studies
confirm that the composite is thermally stable in the range 120-700°C.
The structure and morphology of the nanocomposite are characterized by

XRD, TEM and SEM. Average particle size is found to be 7.72 nm for
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the composite. Compositional analysis using EDX confirms the
presence of all the elements expected for the CeO,/CoPc nanocomposite.
Formation of the various bonds in CeO, and CoPc is confirmed through
FTIR spectrum analysis. Raman spectroscopic studies confirmed the
successful attachment of CoPc on CeO, by showing the presence of

Raman active modes of both CeO, and CoPc in the spectrum.

Optical absorption studies show that CeO,/CoPc nanocomposite
has an extended light absorption from UV to visible region. In addition, a
decrease in bandgap energy together with an improved absorption
intensity of the nanocomposite is observed. A band gap of 2.9 eV is
obtained for CeO,/CoPc nanocomposite. PL. spectrum and CIE diagram
show the existence of wide emission peaks in the greenish-blue region
when excited with near-ultraviolet light. The intensity of PL spectrum is

found lower for CeO,/CoPc nanocomposite.

The addition of CoPc into CeO, reduces the value of the dielectric
constant from 66 to 39 (100 Hz) at room temperature. Low values of loss
tangent indicate that the synthesized nanocomposite can have high
frequency applications. AC conductivity in CeO,/CoPc nanocomposite is
observed to be dependent on Jonscher’s power law which confirms
conduction by polaron hopping. Moreover, the modified structural and

electrical properties of the CeO,/CoPc nanocomposite can be used for the
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fabrication of materials for photonic, microelectronic and electro-optic

devices.

CeO,/SnPc nanocomposite is successfully synthesized by solvent-
evaporation method and its thermal, structural, optical and electrical
properties were studied. XRD analysis shows that average crystallite size
obtained for CeO,/SnPc is 7.5 nm. Thermal analysis shows that the
synthesized nanocomposite sample is thermally stable in the range of
300-700°C. HRTEM image shows the polycrystalline nature of the
sample. Both TEM and SEM results show that particles are not in
uniform size and shape and that they are agglomerated. Compositional
analysis using EDX detects the presence of cerium, tin, carbon, oxygen
and nitrogen in the CeO,/SnPc nanocomposite. Raman spectroscopic
studies confirm the successful attachment of SnPc on CeO, by showing
the presence of Raman active modes of both CeO, and SnPc in the

spectrum.

Optical absorption analysis shows that the optical absorption
spectrum of CeO, is extended from the UV region to the entire span of
visible light when SnPc is added into it. An optical band gap of 3 eV is
obtained for CeO,/SnPc. Improved absorption intensity, red shift in
absorption bands and decreased optical band gap are observed for the
nanocomposite. PL spectra and CIE diagram of CeO,/SnPc

nanocomposite show the existence of wide emission peaks in the
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greenish blue region, when excited with near-ultraviolet light. The

intensity of PL spectra is lower for CeO,/SnPc nanocomposite.

The electrical properties of the nanocomposite strongly depend on
frequency and temperature. The addition of CoPc into CeO, reduces the
value of the dielectric constant from 66 to 37 (100 Hz) at room
temperature. AC studies prove the Jonscher’s power law dependence of
AC conductivity in CeO,/SnPc nanocomposite and confirm polaron
hopping. The low dielectric constants and loss factor values favour the
use of the composite in substrate applications in low temperature co-fired

ceramic (LTCC) modules as 3D wiring in circuit boards.

7.2 Major Findings of the Study
The important outcomes of the present investigation have been

listed below.

> Cerium oxide nanoparticles are synthesized by simple chemical
precipitation method without using any capping agent.

> Studies based on the effect of calcination temperature confirm
changes in the structural, optical and electrical properties of CeO,
nanoparticle.

> Room temperature dielectric constant obtained for the synthesized
CeO, nanoparticle sample is 66 at100 Hz, which constitutes the

highest value ever reported.
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> The electron beam irradiation with 5 kGy dose offers high value
of dielectric constant (1750 at 100 Hz) at room temperature.

> The electron beam irradiation produces changes in the structural
properties of cerium oxide nanoparticles, which results in the
modifications of their optical and electrical properties. This is the
first report of the influence of high energy electron beam
irradiation on the structural, optical and electrical properties of
CeO, nanoparticle.

> Electron beam irradiation with a suitable dose can be applied for
tuning band gap, photoluminescence and dielectric properties of
cerium oxide nanoparticles for potential applications.

> The room temperature dielectric constant of CeQO, irradiated with
a dose of 5 kGy electron beam is 1750 at 100Hz.

> CeO,/CoPc and CeO,/SnPc nanocomposites are successfully
synthesized by simple solvent evaporation method.

> The addition of M-Pc (Co, Sn) in CeO,nanoparticles can extend
the optical absorption spectra of CeO, from the UV region to the
entire span of visible light.

> The modified structural, optical and electrical properties of the
CeO,-CoPc/SnPc nanocomposites can be used for the fabrication
of materials for photonic, microelectronic and optoelectronic

devices.
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7.3 Scope for Future Work
The work presented in this thesis can be extended in several

directions and are briefly presented as follows:

> Cerium oxide nanoparticles are reported to have multiple
applications. More extensive and systematic studies are required
to explore their potential applications.

> The study can be extended to analyze the applications of
CeO,/CoPc and CeO,/SnPc nanocomposites.

> Further studies are needed for understanding the effect of EB
irradiation on the properties of CeO,/CoPc and CeO,/SnPc
nanocomposites.

> More extensive and systematic studies on the structural and
electrical properties of CeO, nanoparticles and EB irradiated

CeO, are needed to explore their novel properties for applications

in CMOS devices.

210 Synthesis and characterization of cerium oxide nanoparticles and their composites




	Front Pages
	Preface with page numbers
	Chapter-1 Introduction
	Chapter-2 Experimental Techniques
	Chapter-3 (Calcination) New
	Chapter-4 (EB Irradiation)
	Chapter-5  (CEO2 - COPC)
	Chapter-6 (CEO2 -SNPC)
	Chapter-7 (Summary )

